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Preface 

issue  of  the  Journal  of  Crystal  Growth 
contains  the  papers  presented  at  the  Sixth  Interna¬ 
tional  Conference  on  Molecular  Beam  Epitaxy 
(MBE-VI),  held  at  the  San  Diego  campus  of  the 
University  of  California  (UCSD)  in  La  Jolla, 
California,  USA,  from  27th  to  31st  August  1990. 
This  conference  is  one  in  a  biennial  series,  which 
rotates  between  the  United  States,  Europe,  and 
Japan.  Previous  international  conferences  were 
held  in  Sapporo,  Japan  (1988),  York,  United 
Kingdom  (1986),  San  Franci.sco  (1984),  Tokyo 
(1982)  and  Paris  (1978). 

The  organizing  committee  first  thought  that  the 
attendance  might  be  limited  amidst  reports  of 
lower  attendance  in  other  conferences  due  to 
budget  constraints  in  many  laboratories.  Further¬ 
more,  an  increasing  number  of  conferences  are 
related  to  electronic  materials  and  devices  around 
the  world.  The  day  before  the  conference  started, 
there  were  less  than  400  pre-registrants.  However, 
the  number  of  walk-in  registrants  turned  out  to  be 
over  100.  The  total  number  of  participants  was 
about  500,  far  exceeding  the  committee’s  expecta¬ 
tion.  Twenty  countries  were  represented. 

In  MBE-VI.  about  230  papers,  including  21 
invited  talks,  were  selected  from  more  than  300 
submissions. ‘The  scope  of  the  conference  covered 
the  entire  spectrum  of  MBE  technology,  from 
material  aspects  of  growth,  characterization,  to 


/  ■'  J-  i!  ' 

physics  and  devices.  Topics  included  growth  kinet¬ 
ics.  doping,  migration-enhanced  epitaxy,  reflection 
high-energy-electron  diffraction,  quantum  wells 
and  wires,  gas-sourcq  MBE,  MOMBE,  CBE,  and 
structures  based  on  GaAs.  InP,  Il-VI  compounds, 
antimonides,  superconductors,  magnetic  materials, 
etc.^n  addition,  18  companies  participated  in  an 
equipment  and  product  exhibit. 

The  MBE-VI  committee  would  like  to  thank 
first  various  federal  agencies,  UCSD,  and  compa¬ 
nies  for  their  financial  support  of  the  conference. 
The  MBE-VI  committee  would  also  like  to  thank 
Lena  Hartman  and  her  able  staff  in  the  Con¬ 
ference  Office  at  UCSD  for  arranging  facilities, 
room  and  board  and  for  running  the  conference 
very  smoothly.  The  program  committee  is  grateful 
to  the  session  chairmen  for  handling  their  sessions 
very  well. 

About  95%  of  the  230  papers  presented  at  the 
conference  are  included  in  this  volume,  resulting 
in  a  very  thick  proceedings.  The  editors  would  like 
to  thank  the  many  referees  for  their  assistance  in 
producing  this  volume  and  acknowledge  the  inval¬ 
uable  help  of  Vicki  Postula  and  Karin  Zirk  at 
UCSD  and  Fran^oise  Y.  Verploegh  Chasse  and 
the  staff  at  North-Holland/Elsevier. 


C.W.  Tu  and  J.S.  Harris,  Jr. 
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Advances  in  molecular  beam  epitaxy  ( MBE) 

A.Y.  Cho 

AT&T  Bell  Laboratories.  Murray  Hill.  Se^  Jersey  07974,  VSA 


Molecular  beam  epitaxy  (MBE)  continues  to  set  (he  standard  for  the  control  of  epitaxial  layer  thickness  and  uniformity  over  a 
large  substrate  area.  Recent  improvement  in  growth  conditions  allow  us  to  prepare  epitaxial  matenals  free  from  oval  defect.s  with 
electrical  and  optical  properties  better  than  or  as  good  as  any  other  crystal  growth  technique.  Artificially  structured  materials  permit 
u.s  to  explore  physical  and  chemical  properties  that  do  not  exist  in  nature.  In  the  area  of  cry.stal  growth,  there  have  been  two  main 
movements  in  recent  years:  one  is  to  grow  in  selective  areas  by  depositing  on  patterned  substrates  or  with  focussed  ion  beams:  the 
other  is  to  extend  epitaxial  growth  beyond  lattice-matched  systems  with  strained  layers.  Alloy  systems  such  as  Al^Ga , In, j  As. 
.Al  ,Ga,  ,  As^Sb, .  InAs,Sb,  _  Gajn, ..  ^P.  SiGe.  ZnSe.  and  CdZnTe/ZnTe  are  among  the  new  materials  explored.  New  devices 
grown  by  MBE  with  exciting  results  are  surface  emitting  lasers,  strained  quantum  well  lasers,  quantum  well  infrared  phoiodeteciors. 
and  real-space  transfer  heterostruciure  transistors  (NERFETs).  This  paper  will  review  recent  advances  in  the  conventional  solid 
source  MBE. 


1.  Introduction 

Molecular  beam  epitaxy  (MBE)  has  not  only 
brought  experimental  quantum  physics  to  the 
cla.ssroom  but  has  also  become  a  manufacturing 
technology.  For  instance,  more  than  1Q%  of  the 
compact  disc  lasers  in  the  world  are  now  manufac¬ 
tured  by  MBE  [1],  This  technology  has  al.so  led  to 
scientific  investigations  ranging  from  understand¬ 
ing  of  material  science  for  crystal  growth  to  elec¬ 
tron  motion  on  an  atomic  scale  [2-4].  Many  re¬ 
cent  advances  in  the  understanding  of  crystal 
growth,  such  as  elimination  of  oval  defects  (5). 
influence  of  surface  induced  Fermi-level-pinning 
on  impurity  drift  (6).  selective  area  growth  (7-11). 
and  strained  layer  epitaxy  [12-14).  were  reported. 
By  coupling  the  inter:sity  oscillation  in  reflection 
high-energy  electron  diffraction  (RHEED)  with 
the  computer  controlled  MBE  shutters,  the  epi¬ 
taxial  layer  thickness  can  be  controlled  to  atomic 
layer  precision.  This  was  used  to  form  phase- 
locked  epitaxy  (PLE)  [15].  Stimulated  emission 
from  a  CdTe/HgCdTe  heterostructure  [16],  pho¬ 
todiodes  fabricated  with  HgCdTe  with  semi-metal 
Schottky  layers  [17],  and  ZeSe  light  emitting  di¬ 
odes  [18]  were  demonstrated  for  II-VI  com¬ 


pounds.  The  drive  to  have  heterostructures  in  Si 
technology  similar  to  tho.se  in  the  Ill-V  system, 
prompted  workers  to  study  the  SiGe  alloy  [19-21]. 
This  paper  will  discu.ss  the  recent  results  of 
material  processing,  patterned  growth,  strained 
layer  epitaxy,  and  some  novel  device  performance 
with  solid  source  MBE.  One  advantage  of  using 
solid  source  MBE  over  the  gas  .source  is  the  lower 
cost  for  safety  installation.  Since  II-VI  and  group 
IV  materials  will  be  covered  by  other  invited 
speakers,  1  will  cover  mostly  III-V  compounds. 


2.  Material  processing 

2.1.  Elimination  of  gallium-source  related  oval  de¬ 
fects 

Ova)  defects  have  been  seen  in  MBE  GaAs  or 
AlGaAs  films  grown  on  {100}  substrates  [22]. 
These  are  hillocks  or  {111}  faceted  growth  around 
an  impurity  cluster  or  a  Ga  droplet  with  the  major 
axis  along  (110).  In  a  clean  manufacturing  en¬ 
vironment,  these  defects  have  been  reduced  to 
below  300  cm”’  [23,24],  They  were  also  not  as 
noticeable  when  graphite  lined  Ga  ovens  were 
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used  in  early  MBE  studies.  However,  much  higher 
density  (lO’-lO'*  cm”’)  is  generally  observed  in 
an  average  MBE  laboratory  with  pyrolytic  BN 
crucibles  depending  on  the  growth  thickness.  It 
was  recently  reported  that  if  the  Ga  charge  was 
contained  in  a  pyrolytic  BN  crucible  which  was 
previously  used  for  the  evaporation  of  aluminum, 
the  grown  GaAs  layers  were  totally  free  from 
Ga-source  related  oval  defects  [5].  No  defects  were 
observed  even  with  layers  as  thick  as  20  pm.  Fig.  1 
illustrates  the  reduction  of  oval  defects  with  such 
an  oven.  This  improvement  was  thought  to  be  due 
to  a  change  in  the  nature  of  the  BN  crucible 
(possibly  coated  with  AIN)  after  prolonged  high 


Fig.  I.  OvaJ  defects  on  5  /»m  thick  MBE  GaAs  layers  grown 
with  (a)  Ga  charge  in  conventional  BN  crucible  and  (b)  Ga 
charge  in  an  Al-treated  BN  crucible  (5).  Marker  represents  50 
fim. 


temperature  heating  with  aluminum  [5].  The  pres¬ 
ence  of  residual  aluminum  may  also  getter  the 
gallium  oxide  in  the  Ga  charge  to  further  reduce 
Ga  spitting  from  the  oven  [25].  An  A1  treated 
effusion  cell  produced  a  total  of  600  pm  of  GaAs 
layers  before  some  oval  defects  began  to  appear. 

2.2.  Doping  studies 

The  influence  of  Fermi-level  pinning  at  a  semi¬ 
conductor  surface  can  result  in  impurity  drift  dur¬ 
ing  crystal  growth  by  MBE  [6].  The  electrostatic 
dipole  interaction  between  carriers  localized  in 
surface  states  and  their  parent  donors  causes  the 
donors  to  segregate  along  with  the  growing  surface. 
Appropriate  background  doping  to  reverse  the 
field  (screening)  can  reduce  the  segregation.  This 
gives  us  good  physical  insight,  but  for  practical 
devices,  generally  one  does  not  have  the  freedom 
to  provide  such  background  doping.  Growth  un¬ 
der  different  reconstructed  surface  structures  may 
give  us  different  screening  conditions  and  be  more 
applicable  to  device  preparations. 

GaSb  has  an  attractive  characteristic  which  is 
unique  to  III-V  compounds.  It  has  comparable 
values  for  electron  and  hole  mobilities  and  there¬ 
fore  can  be  useful  for  the  fabrication  of  compli¬ 
mentary  circuits.  Al,Ga|^,Sb  lattice  matched  to 
GaSb  substrates  covers  the  wavelengths  from  0.78 
to  1.71  pm  which  is  useful  for  applications  in  the 
optical  fiber  communications  system.  However,  it 
is  difficult  to  dope  GaSb  or  Al^Ga,_^.Sb  n-type 
with  MBE.  The  conventional  group  IV  elements 
such  as  Sn  and  Si  are  not  incorporated  as  donors. 
Tellurium  is  a  high  vapor  pressure  element  and 
does  not  evaporate  in  the  form  of  monomers. 
Using  a  compound  source  of  Sb^Te,.  GaSb  was 
successfully  doped  from  lO”  to  2  X  lO'*  cm”  ’ 
[26).  For  n  =  1.8  X  lO'^cm”^.  a  room-temperature 
electron  mobility  of  3000  cm^/V  •  s  was  obtained. 
Further  increase  in  Te  concentration  to  2  X  lO” 
cm”  ’  resulted  in  a  reduction  of  both  the  carrier 
concentration  and  carrier  mobility.  When  GaSb 
was  doped  with  a  SnTe  compound  source,  elec¬ 
tron  concentration  from  1.2  X  lO'*  cm”’  to  4  x 
lO'*  cm  ”  ’  was  obtained  reproducibly  [27].  Carrier 
mobility  as  high  as  5100  cmVV  •  s  was  observed 
for  n  =  3.2  X  10’®  cm  ”  ’  at  room  temperature.  Fig. 
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ELECTRON  CONCENTRATION  (cm 

Fig.  2.  Hall  mobility  as  a  function  of  electron  concentration  for 
SnTe  doped  GaSb  (27j. 


2  shows  the  electron  mobility  of  SnTe  doped 
GaSb. 

Many  investigators  studied  carbon  as  a  possible 
candidate  in  addition  to  the  most  commonly  used 
beryllium  for  p-type  dopant  in  III-V  compounds. 
Carbon  has  a  relatively  low  ionization  energy, 
high  solid  solubility  ( >  10^”  cm  “  ’ ).  and  low  diffu¬ 
sion  coefficient  in  GaAs.  Carbon  doping  with  a 
resistively  heated  (1700-1900°C)  graphite  fila¬ 
ment  cut  in  a  serpentine  shape  can  achieve  con¬ 
trolled  acceptor  concentration  over  a  range  from 
lO' '  to  10‘“  cm  ■'  [28].  The  room  temperature  hole 
mobility  of  the  GaAs  epitaxial  layer  as  a  function 
of  the  hole  concentration  is  shown  in  fig.  3. 


HOLE  CONCENTRATION  (cm  ’ ) 

Fig.  3.  Room  temperature  Hall  mobility  as  a  function  of  hole 
concentration  for  carbon  doped  GaAs  (28). 


2.3.  New  material  systems 

Ga,  Al,  In,  ^ As  epitaxially  grown  on  InP 
substrates  covers  the  wavelengths  from  0.855  to 
1.65  jam,  similar  to  those  of  Ga.In,  ,As,P|  , 
which  cover  from  0.925  to  1.65  nm.  However,  the 
former  needs  to  control  only  one  high  vapor  pres¬ 
sure  group  V  element  and  it  is  more  suited  for  the 
conventional  solid  source  MBE.  Device  quality 
material  without  misfit  dislocations  was  grown 
over  the  entire  composition  by  keeping  the  In  flux 
constant  while  changing  the  Ga  and  A1  cell  tem¬ 
peratures  simultaneously  to  keep  the  total  Ga  plus 
Al  flux  constant  such  that  (.v  +  »•  =  0.47)  [29].  The 
renewed  interest  in  this  material  [30,31]  is  due  to 
the  more  available  computer-automated  MBE  sys¬ 
tems  which  allow  one  to  accurately  model  the 
characteristics  of  the  effusion  cells,  including  not 
only  the  static  flux  versus  temperature  relation¬ 
ship.  but  also  the  time-dependent  behavior  of  the 
cell  [31],  This  quaternary  is  viewed  as  a  binary 
alloy  of  the  two  ternaries  lno5jGai,47As  and 
lno52  A1,)4„As  1"'*^  indium  sources.  Excellent 

lasers  operating  at  an  emission  wavelength  of 
1.5)im  with  a  threshold  current  density  as  low  as 
830  A  cm  “  ’  were  demonstrated  [30]. 

Ga,ln,  _  ,P  lattice  matched  to  GaAs  is  an  im¬ 
portant  alloy  system  for  photonic  devices  in  the 
visible  wavelength  (6000-6800  A).  High  quality 
epitaxial  layers  were  recently  demonstrated  with 
MBE  [32].  A  solid  red  phosphorus  source  with  a 
cracker  cell  has  also  been  used  to  generate  the 
dimetric  phosphorus  beam  for  the  growth  of 
Ga>ln,^  ,P  at  510°C  [33].  A  10  (tm  wide  stripe- 
geometry  GalnP/AlInP  DH  laser  showed  a  low 
cw  threshold  current  of  93  mA  and  an  emission 
wavelength  of  670  nm  at  room  temperature  [34]. 

Among  the  II-VI  compounds,  ZnSe  has  p>oten- 
tial  application  as  a  blue  light  emitter.  It  can  be 
doped  n-type  fairly  easily,  and  much  effort  has 
gone  into  the  rrore  difficult  problem  of  p-type 
doping.  Most  recently,  ZnSe  diodes  were  grown 
on  n-type  GaAs  substrates  at  225  to  325  °C  with 
special  designed  two-zone  heated  effusion  cells 
[18).  ZnClj  was  used  to  dope  the  n-type  layer,  and 
pure  Li  metal  was  used  to  dope  the  p-type  layer. 
Large  volumes  of  reproducible  ZnSe  blue  light 
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emitting  diodes  (A  =  471  nm  at  300  K)  were  pro¬ 
duced  [18], 

We  expect  that  it  will  be  essential  to  develop 
silicon  heterojunction  technology.  The  two  most 
promising  candidate  material  systems  are  .silicon- 
germanium  and  silicon  carbide.  The  former  can  be 
grown  with  MBE  and  the  latter  has  to  be  grown 
with  plasma  assisted  epitaxy.  Because  of  the  large 
lattice  mismatch  between  Si  and  Ge  (4%).  only  a 
thin  commensurate  structure  with  relatively  low 
Ge  content  can  be  grown  without  misfit  disloca¬ 
tion  [19.20],  Si-Ge(,4Si,|(,  quantum  well  structures 
were  grown  at  530  °  C  to  demonstrate  three-termi¬ 
nal  resonant  tunneling  transistors  [19].  Work  on 
molecular  doping  species  has  successfully  used 
boron  oxide  BiO,  and  boric  acid  HBO,  as  boron 
doping  sources.  Carrier  concentrations  as  high  as 
10‘"  cm  '  have  been  achieved  [35]. 

3.  Patterned  growth 


Fig.  4.  Schematic  of  cross-.seclional  view  of  non  planar  sub¬ 
strate  and  epitaxial  layer. 


strate  with  {100}  ridges  and  grooves  formed  with 
(111)  side  walls,  the  Ga  atoms  tend  to  migrate 
from  the  side  walls  to  {100}  plane  resulting  in  a 
20*?  to  50T  thicker  layer  on  the  ridge  and  groove 
than  on  the  side  walls  as  shown  in  fig.  4.  If  we 
grow  GaAs  and  AlGaAs  superlattice  over  the 
whole  channeled  substrate,  the  resulting  structure 
would  have  higher  AlAs  mole  fraction  on  the  side 
walls  than  on  the  {100}  plane;  a  natural  forma¬ 
tion  of  an  index  guided  injection  la.ser  structure 
with  single-step  growth  is  produced.  Fig.  5  shows 


Single  crystal  growth  in  .selective  areas  has  been 
demonstrated  earlier  with  patterned  oxide  as  a 
mask  over  a  substrate  [36,37]  or  epitaxial  growth 
on  a  pre-etched  nonplanar  (channel)  substrate  [38], 
On  a  (001)  GaAs  surface,  the  side  wall  growth  is 
smooth  when  the  stripe  is  aligned  in  the  [110] 
direction  and  rough  when  aligned  in  the  [110] 
direction  [37].  There  are  many  recent  and  excellent 
studies  of  MBE  growth  on  nonplanar  substrates 
[7  10].  The  difference  in  the  growth  rate  on  planes 
of  different  orientations  results  both  from  the 
spatial  variation  in  the  flux  of  the  source  beams  as 
well  as  from  migration  of  the  adsorbed  atoms  to  a 
more  favorable  crystal  plane.  With  various  ratios 
of  H;S04  :  H,0, :  HjO.  or  different  depths  of 
etching,  one  may  form  different  micro  facets  in 
the  etched  channels.  Facet  planes  of  {311}.  {411}, 
{111}.  {811}.  {711},  and  {544}  were  observed  in 
the  channel  [8.10],  Tlie  migration  length  of  Ga 
adatoms  at  the  growth  temperature  is  in  the  order 
of  1-2  Jim  while  the  In  adatom  migration  length 
on  {100}  plane  is  as  long  as  25  jim  [10].  It  is  this 
different  migration  rate  on  different  facets  and  the 
formation  of  “kinks"  in  the  channel  that  make 
MBE  on  nonplanar  substrates  potentially  u.seful 
for  optoelectronic  devices.  For  instance,  on  a  sub- 


Fig.  5.  Cross  section  of  a  one  step  MBE  grown  patterned 
graded-index  separate  confinement  (GRINSCH)  quantum  well 
laser.  This  laser  has  a  threshold  current  as  low  as  0.35  mA  [9]. 


A.  >.  Cho  /  Acirances  in  moieiular  henm  epitaxy 


5 


Fig,  b.  A  Nchcmaiic  diagram  illu>iratmg  the  processing  sequence  fi>r  the  formation  of  in-siiu  patterning  and  regrowih  (11). 


such  a  structure  which  has  a  threshold  current  as 
l»iw  as  0.35  mA  at  rtuim  temperature  (9). 

One  r)ther  way  to  achieve  patterned  growth  is 
to  combine  focussed  ion  beams  with  MBE  [13.39|. 
An  in-situ  patterning  process  is  achieved  by  writ¬ 
ing  with  a  20  keV  Ga  ion  beam  ( lO’ '  10'^  cm  ’ ) 
on  a  very  thin  (20-  30  A)  native  oride  layer.  The 
mask  pattern  is  then  transferred  into  the  substrate 
by  dry  etching  in  a  10  ■*  Torr  C'l  >  at  2()0°C  with 
an  etch  rate  of  about  1000  A/min.  The  oxide 
mask  is  then  thermally  removed.  For  regrowth  on 
this  patterned  substrate,  a  brief  low  energy  ion 
sputtering  and  Cl .  etching  to  remove  any  carbon 
contamination  is  essential.  Fig.  6  illustrates  the 
vacuum  lithography  and  regrowth  process. 


4.  Strained  layer  epitaxy 

The  use  of  non-lattice-matched  epitaxial  mate¬ 
rials  to  form  strained  quantum  wells  or  periodic 
structures  not  only  allows  us  to  prepare  materials 
operating  at  a  wavelength  which  would  otherwi.se 
not  be  accessible  with  lattice-matched  materials 


|40).  but  al.so  provides  desirable  electronic  proper¬ 
ties  for  high-speed  transistors  [41]  and  optical 
prttperties  for  high-speed  lasers  [42]  because  of  the 
biaxial  strain. 

In  the  crystal  growth  of  strained  layers,  most 
studies  were  focussed  on  the  thickness  at  which 
dislocations  are  first  observed,  referred  to  as  the 
critical  thickness  [43  46].  InGaAs  on  GaAs  and 
SiGe  on  Si  substrates  were  studied  extensively. 
The  relaxation  was  found  to  be  strain  dependent 
as  well  as  highlv  temperature  dependent  [46]. 

For  epitaxial  layers  thicker  than  the  critical 
thickness  and  without  interface  defects  due  to 
lattice  mismatch,  the  growth  may  be  conducted  on 
a  patterned  substrate.  It  was  found  that  by  a 
reduction  in  growth  area  one  can  reduce  disloca¬ 
tion  multiplication  and  limit  the  glide  of  existing 
misfit  disliKatio.is  [13.14.47],  Fig.  7  shows  the 
drastic  reduction  of  the  linear  density  of  misfit 
di.skications  from  >  5000  di.sItK’ation.s/cm  in  an 
unpatterned  substrate  to  nearly  zero  for  a  70  fim 
me.sa  [13].  The  photomicrograph  is  a  cathodolu- 
mine.scence  image  of  an  ln,|,i,Gai|,,5 As  epitaxial 
layer.  3500  A  thick,  grown  on  a  GaAs  patterned 
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Fig  7  C'uthtxloluminescence  images  of  3500  A 
Idver  on  GaAs  (a)  wiih  no  lateral  restriction  (b)  on  a  90  pm 
diameter  patterned  mesa  substrate  (c)  on  a  67  diameter 
mesa  substrate  { 1 3j,  Markers  represent  H)  fim. 


substrate  at  550  °C.  It  is  seen  here  that  by  reduc¬ 
ing  the  lateral  dimension  of  the  growth  surface, 
one  can  reduce  misfit  dislocation  density  for  the 
growth  which  is  greater  than  four  times  the  previ¬ 
ously  accepted  critical  thickness. 


5.  Novel  devices 

5.1.  Strained  InGaAs / GaAs  quantum  well  lasers 

Strained  InGaAs/GaAs  quantum  wells  were 
grown  on  nonplanar  substrates  with  (100)  ridges 
and  grooves  formed  with  (311)A  sidewalls.  [48]. 
To  study  the  In  adatom  migration  effect  on  differ¬ 
ent  widths  of  ridges,  two  70  A  In,Ga,  ,  As  quan¬ 
tum  wells  were  grown  with  .v  =  0.10  and  0.17  at 
520 °C  on  4  and  40  /rm  wide  structures.  It  was 
found  that  most  of  the  In  atoms  on  the  (311)A 
sidewalls  migrate  to  the  (100)  ridges  and  result  in 
a  larger  InAs  mole  fraction  on  the  ridges.  Fig.  8 
shows  the  5  K  cathodoluminescence  spectra  of 
these  two  quantum  wells  at  two  different  widths 
of  the  ridges.  The  upper  spectrum  with  peaks  at 
870.8  and  914.0  nm  was  taken  at  the  middle  of  a  4 
/im  wide  ridge  while  the  lower  spectrum  with 
peaks  at  863.0  and  902.5  nm  was  taken  from  the 
middle  of  a  40  /cm  wide  ridge.  The  emis.sion 
wavelength  from  an  unpatterned  substrate  would 
be  859.6  and  897.6  nm.  respectively.  Graded  index 
separate  confinement  heterostructure  (GRINSCH) 
lasers  were  fabricated  on  patterned  .substrates  with 
ridges  varying  from  3.5  to  40  ft m  wide  [48].  Fig.  9 
shows  room  temperature  cw  lasing  energy  of  70  A 
In,,  ,<Ga,ij« As  quantum  well  GRINSCFI  lasers 
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Fig.  8.  C'aihcxioluminesonce  spectra  at  5  K  for  In^CjU)  ,As/ 
GaAs  quantum  wells  (70  A)  with  .v  =  0.10  and  0.17  taken  at  (a) 
4  wide  ridge  and  (b)  40  ^im  wide  ridge.  The  peak  emission 
wavelengths  observed  in  a  spectrum  obtained  from  a  (KX)) 
planar  section  are  859  nm  and  897  [49]. 
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Fig.  Rixmi  lemperaiure  cw  lasing  energy  of  strained  In,)  , 5 
GaAs  GRINSCH  lasers  grown  on  patterned  sub¬ 
strates  with  various  stripe  width.  Energy  differences  larger  than 
50  me\’  are  achieved  as  the  ridge  width  is  decreased.  The  inset 
shows  a  typical  cw  power  as  a  function  of  injection  current 
curve  for  a  4  X  750  device  [48]. 


grown  on  different  ridge  widths.  Threshold  cur¬ 
rents  of  4  jum  X  750  fim  uncoated  devices  lasing 
single  mode  at  a  wavelength  of  1.01  /rm  were  as 
low  as  6  niA  ( 7,^,  =  320  A/cm' )  [48]. 

.s.  2.  Surface  emitting  lasers 

The  surface  emitting  laser  which  emits  the  light 
normal  to  the  substrate  surface,  as  shown  in  fig. 
10  [49  51].  is  emerging  as  a  promising  solution  for 
fabricating  low-cost  lasers  because  it  can  be 


evaluated  at  the  wafer  level  before  separation  into 
chips;  it  may  be  used  for  a  high  power  source 
because  it  can  readily  be  fabricated  into  a  two-di¬ 
mensional  coherently  coupled  array  (fig.  11):  it 
can  be  used  as  a  high  performance  single  frequency 
laser  because  of  its  inherent  dynamic  single  longi¬ 
tudinal  mode  operation  which  is  due  to  the  large 
mode  spacing  of  the  short  cavity  (0.5-2  gm). 

Distributed  Bragg  reflectors  (DBRs)  consisting 
of  periodic  quarter  wavelength  stacks  of  low  and 
high  refractive  index  AlAs  and  GaAs  are  used  for 
the  reflecting  mirrors  of  the  laser.  However,  the 
energy  bandgap  difference  at  the  hetero-interface 
results  in  potential  barriers  (spikes)  which  in  turn 
creates  a  large  series  resistance  for  the  device.  This 
series  resistance  gives  rise  to  thermal  heating  and 
thus  deteriorates  the  laser  performance.  With 
“bandgap  engineering”,  either  by  compositional 
grading  at  the  interface  or  by  using  a  multi-stair 
case  superlattice,  we  can  eliminate  the  interface 
spike  and  reduce  the  series  resistance.  In  the 
GaAs-AlGaAs  DBR  structure,  about  two  orders 
of  magnitude  reduction  in  series  resistance  was 
achieved  without  deteriorating  the  optical  reflec¬ 
tivity  [52].  Fig.  12  shows  a  cross-sectional  electron 
micrograph  of  the  AlGaAs/GaAs  surface  emitting 
laser.  It  takes  more  than  20  pairs  of  this  semicon¬ 
ductor  superlattice  to  form  a  mirror  with  reflectiv¬ 
ity  higher  than  98%.  The  structure  consists  of  a 
total  of  360  layers  and  is  computer  controlled  for 
the  entire  growth.  Fig.  13  shows  the  typical  lasing 


Fig.  10.  Schematic  of  a  .surface  emitting  la.scr  with  all  epitaxially  grown  superlaiiice  reflecting  mirrors  [51]. 
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Fig.  11.  Scanning  electron  micrograph  of  arrays  of  surface  emitting  lasers  (R.A.  Gottscho). 


characteristics  under  cw  at  rtxrm  temperature.  Re¬ 
cent  results  showed  that  a  15  /am  diameter  device 
has  a  room  temperature  cw  threshold  current  of 
2.5  mA  giving  an  output  power  of  0.2  mW  with  a 
temperature  coefficient  for  lasing.  TJ,  =  115  K  (53]. 

Ion  implantation  may  be  used  to  isolate  the 
surface  emitting  lasers  and  to  preserve  a  planar 
geometry  [54],  Most  recently,  deep  H^-ion  im¬ 
plantation  (300  keV)  was  used  to  form  an  em¬ 
bedded  insulating  layer  at  the  depth  of  the  active 
region  to  isolate  individual  SEL  devices  [55]  as 
shown  in  fig.  14.  The  active  region  consists  of  four 
100  A  thick  GaAs  quantum  wells  separated  by 


three  70  A  thick  Al|,,GainAs  barriers.  The 
threshold  current  is  2.2  mA  for  a  10  iim  diameter 
laser  operating  cw  at  room  temperature  with  dif¬ 
ferential  quantum  efficiency  as  high  as  20*?. 

A  two-dimensional  phased  coupled  array  of 
surface  emitting  lasers  was  also  demonstrated 
[56.57].  The  array  was  compri.sed  of  more  than  160 
lasers  of  1.3  /am  diameter  with  a  separation  of  less 
than  0.1  /I m  between  each  lasing  element.  Due  to 
strong  optical  coupling  between  lasers,  the 
threshold  current  is  only  280  ;iA  for  each  elemen¬ 
tal  laser.  The  far-field  beam  angle  of  the  array  was 
as  narrow  as  7°  indicating  that  phase  locking  had 
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Fig.  12.  A  cros,s  sectional  electron  micrography  of  the  AlOaAs/GaAs  surface  emitting  laser  (S.N.O.  Chu). 
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Fig.  14.  Schematic  of  a  deep  ion-implantation  to  isolate  indi¬ 
vidual  lasers  [55). 


Fig.  15.  Room  temperature  cw  emission  of  the  surface  emitting 
laser.  The  side  mode  suppression  ratio  is  better  than  35  dB 
[53|. 


been  achieved.  A  holographic  reconstructed  image 
was  demonstrated  with  the  two-dimensional 
phase-locked  array  [56]. 


InP  SUBSTRATE 

Fig,  15.  Cross-section  of  a  charge  injection  negative  differential  resistance  field  effect  transistor.  The  energy-band  diagram  is  under  an 

applied  collector  bias  condition  (61). 
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5.3.  Three-terminal  real-space  transfer  devices 

The  charge-injection  transistor  is  based  on  the 
real-space  transfer  of  hot  electrons  between  two 
low  bandgap  semiconducting  layers  separated  by  a 
large  bandgap  potential  barrier  layer  [58,59].  The 
drain  and  source  contacts  are  on  one  semiconduct¬ 
ing  layer  and  the  collector  contact  is  on  the  other, 
separated  by  the  potential  barrier  layer  (fig.  15). 
As  one  applies  bias  to  the  drain  and  source,  the 
carriers  get  heated  and  are  injected  into  the  collec¬ 
tor  layer.  A  strong  negative  differential  resistance 
develops  in  the  drain  current  (/□)  as  a  function  of 
drain  voltage  (heating  voltage,  Fq)  characteristics. 

A  successful  charge  injection  transistor  was 
prepared  with  InGaAs/lnAlAs  lattice  matched  to 
InP  substrate  [59].  Advantages  of  this  system  for 
real  space  transfer  (RST)  transistors  are  the  low 
effective  electron  mass  which  favors  heating  ef¬ 
fects  and  large  AE^  to  reduce  leakage  current  of 
“cold"  electrons.  Perhaps  the  most  important  fac¬ 
tor  in  preparing  such  a  structure  is  to  be  able  to 
grow  a  non-alloyed  (Sn-doped)  ohmic  contact  [60] 
so  that  the  multi-layers  will  not  be  shorted  as 
would  occur  with  the  standard  alloyed  contacts. 


HEATING  VOLTAGE  Vp  (V) 


Fig.  16.  The  drain  current  ( /q)  and  collector  current  ( 1^)  as  a 
function  of  the  heating  drain  voltage  (Fq)  for  a  charge  injec¬ 
tion  transistor.  The  collector  bias,  tc,  is  3.9  V,  Inset:  collector 
bias  dependence  of  the  drain  current  peak-to-valley  ratio  and 
the  leakage  current,  defined  as  l„  at  Fp  =  0  (61). 


Fig.  15  shows  the  cross-section  of  the  device  struc¬ 
ture  and  the  energy-band  diagram  under  an  ap¬ 
plied  collector  bias.  The  trench  in  this  heavily 
Sn-doped  cap  layer  defines  the  emitter  channel, 
whose  length  {L^^)  varied  from  0.6  to  2  |um. 
Recent  results  showed  that  the  peak-to-valley  ratio 
of  the  negative  differential  resistance  in  the  drain 
circuit  routinely  exceeds  1000  with  a  maximum 
observed  value  of  7000  (fig.  16).  The  measured 
peak  transconductance  typically  exceeded  10 
S/mm  and  the  highest  observed  value  was  23.1 
S/mm.  A  single  device  structure  that  performs 
logic  operations  such  as  NOR  and  AND  were 
demonstrated  [61]. 


6.  Future  challenges 

Molecular  beam  epitaxy  (MBE)  continues  to 
advance  and  .set  standards  for  the  control  of  epi¬ 
taxial  layer  thickness  and  uniformity  over  a  large 
substrate  area  while  the  electrical  and  optical 
properties  of  MBE  epitaxial  materials  are  either 
exceeding  or  comparable  to  any  other  crystal 
growth  technique.  New  physics,  new  material 
characteristics,  and  new  devices  will  continue  to 
be  discovered.  There  are  several  new  challenges  in 
material  processing: 

-  Develop  semiconductor  materials  for  electronic 
and  optical  devices  operating  above  85  ”  C. 

-  Develop  new  artificial  structures  for  optical 
switching  (large  electro-optic  effect). 

-  Develop  regrowth  technology  for  MBE  so  that 
one  may  fabricate  high  performance  integrated 
circuits  and  the  integration  with  photonics  (in  situ 
integrated  processing) 

-  Develop  MBE  automated  systems  that  can 
routinely  produce  highly  uniform  layers  with  vari¬ 
ation  less  than  1%  over  10  cm. 
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4  X  10^  cm^  V  ^  s  ’  peak  electron  mobilities  in  GaAs  grown  by  solid 
source  MBE  with  As 2 

C.R.  Stanley,  M.C.  Holland,  A.H.  Kean 

Department  oj  Electronics  and  Electrical  Engineering,  University  of  Glasgow,  Glasgow  GI2  8QQ.  UK 


J.M.  Chamberlain,  R.T.  Grimes  and  M.B.  Stanaway 

Department  of  Physics,  University  of  Nottingham,  Nottingham  NG7  2RD,  UK 


A  detailed  study  into  the  molecular  beam  epitaxy  of  high  purity  n-GaAs  with  arsenic  dimers  has  been  undertaken,  culminating  in 
the  growth  of  a  layer  with  a  peak  mobility  of  =  4.0 X  lO’  cm"  V " '  s” '  at  28-40  K.  the  highest  ever  recorded  in  bulk  GaAs. 


I.  Introduction 

Many  advantages  are  gained  from  the  use  of 
arsenic  dimers  (Ass)  rather  than  tetramers  (AS4) 
in  the  growth  of  (Al.Ga)As  by  solid  source  molec¬ 
ular  beam  epitaxy  (MBE).  These  include  a  reduc¬ 
tion  in  the  concentration  of  deep  electron  traps  in 
GaAs  [1],  the  elimination  of  the  temperature 
window  betvoc.i  =  630  and  690 °C  within  which 
the  morphology  of  (Al,Ga)As  is  poor  [2],  and  a 
reduction  in  the  concentration  of  carbon  incorpo¬ 
rated  into  GaAs  from  the  solid  arsenic  (3,4J.  Gen¬ 
erally.  however,  the  total  impurity  densities  in 
Asj-grown  GaAs  have  been  higher  than  in  layers 
grown  under  comparable  MBE  conditions  with 
arsenic  fluxes  generated  either  conventionally  from 
high  purity  arsenic  lumps  (AS4)  {5J  or  from  arsine 
(AsH,)  (6],  where  free  electron  concentrations, 
n  =  Afj  -  around  3  x  10’  ’  cm“  ’  and  peak  elec¬ 
tron  mobilities,  up  to  »  3  X  10’  cm^  V"' 

s  '  have  been  recorded.  This  paper  will  address 
the  use  of  a  new  Asj-source,  similar  to  that  de¬ 
scribed  by  Chow  et  al.  [7],  in  the  growth  by  solid 
source  MBE  of  thick  unintentionally  doped 
(hereafter  referred  to  as  “  undoped”)  n-GaAs  layers 
with  exceptional  peak  electron  mobilities  [8].  The 
investigations  have  culminated  in  the  growth  of 
the  highest  mobility  bulk  GaAs  ever  produced. 


2.  Experimental  procedures 

2.!,  MBE  system 

The  layers  were  grown  in  a  Varian  Modular 
Gen  n  MBE  system  equipped  with  standard 
sources  for  Ga.  Al.  AS4.  Si  and  Be.  together  with 
Varian  "cracker”  sources  [7]  for  As,  and  Pj.  The 
procedures  described  by  Larkins  et  al.  [9]  and 
recommended  by  Varian  [10]  were  broadly  fol¬ 
lowed  to  condition  the  sources  and  the  growth 
environment  of  the  MBE  system.  The  gallium 
source  was  loaded  with  8N’s  gallium  from  Alcan 
Electronic  Materials  A.G.  Both  the  conventional 
AS4  source  and  the  sublimator  section  of  the  AS4 
cracker  were  filled  with  7N’s  purity  MBE-grade 
arsenic  lumps  from  the  same  batch  supplied  by 
Preussag  GmbH. 

2.2.  Wafer  preparation 

Undoped  (semi-insulating)  (100)  GaAs  wafers, 
2  inch  in  diameter,  were  rinsed  in  H2SO4  and 
dc-ionized  water  only,  and  heated  in  air  at  250  °C 
for  5  min  to  form  a  surface  oxide  [11].  The  wafers 
were  mounted  without  indium  bonding  into  Mo 
holders,  given  an  extensive  degas  at  500  °C  and  a 
final  degas  at  620  °C  for  20  min  in  the  inter- 
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mediate  chamber  of  the  MBE  system,  and  then 
cooled  to  400  °C.  This  caused  the  desorption  of 
the  oxide  layer  (without  an  As  overpressure)  into 
the  intermediate  chamber  and  the  observation 
by  reflection  high  energy  electron  diffraction 
(RHEED)  of  well-defined  reconstruction  im¬ 
mediately  the  wafer  surface  was  exposed  to  an 
arsenic  flux  in  the  growth  chamber. 

2.3.  Growth  parameters 

The  arsenic  sublimator  temperature  was  290- 
300  °C  for  As; :  Ga  flux  ratios,  F,  of  =  2. 5-4.5  : 1 
at  a  1.0  fim/h  growth  rate,  while  the  cracker 
operated  at  =  600-700  °  C.  The  AS4 -►  As2 
cracking  efficiency  was  estimated  to  be  =  70%  at 
6(X)°C.  rising  to  >95%  at  700  °C  [12].  Fluxes 
were  determined  from  both  RHEED  intensity 
oscillations  and  beam  equivalent  pressures.  Sub¬ 
strate  temperatures  T„  between  520  and  620  “C 
were  used,  which  were  checked  with  an  optical 
pyrometer.  The  minimum  F,  for  (2  X  4)-(100)  As- 
stable  growth  at  1.0  /im/h  with  520-6I0°C 
was  2,5 '.1.  For  F,  ®  520°C.  the  wafer  was  only 
5°C  above  the  temperature,  which  caused  a  tran¬ 


sition  from  the  c(4  x  4)  to  the  (2  X  4)  reconstruc¬ 
tion.  Details  of  the  growth  conditions  are  pre¬ 
sented  in  table  1.  All  layers,  with  the  exception  of 
#B27,  were  grown  at  a  rate  of  1  pm/h  under 
(2  X  4)-(100)  As-stable  conditions.  However,  for 
#B50,  a  central  region  =  25  mm  diameter  grew 
with  a  (2x4)  pattern  and  had  smooth  mor¬ 
phology,  while  the  outer  ring  of  the  wafer  was 
(3  X  1)  due  to  a  slight  temperature  increase,  and 
resulted  in  a  rough  surface. 

2.4.  Analytical  techniques 

A  comprehensive  evaluation  of  the  electrical 
and  optical  properties  of  the  layers  has  been  un¬ 
dertaken  using  4-300  K  Hall  measurements  and 
4.2  K  far  infrared  photoconduction  spectroscopy 
(FIRPC)  [13],  and  by  5  K  photoluminescence 
spectroscopy  (PL).  The  discussion  in  section  3  is 
restricted  to  FIRPC  results  obtained  with  302  pm 
radiation  which  excites  the  ls-*2p.. ,  transitions 
of  the  hydrogenic  donor  impurities:  a  full  account 
of  the  FIRPC  experiments  has  been  pre.sented 
elsewhere  [14].  It  is  sufficient  to  note  here  that 
although  FIRPC  spectroscopy  in  isolation  yields 


Table  I 

Summar>  of  the  growth  parameters  and  Hall  data  for  unintentionally  doped  n-Ga.\s  grown  with  As,;  one  sample  of  Asj-grown 
Si-OaAs.  «B37.  is  also  included  for  comparison;  «B47  was  grown  undoped  with  AS4 


Sample 

No. 

Growth  parameters 

Hall  and  FIRPC  data 

Flux 

ratio 

Substrate 

temperature 

('’C) 

d 

(Mm) 

(°C) 

rt77 

(10' 'em 

M77 

')  (tW  V  '  s  ' 

Ppeat 

)  (cm^  V  “ '  s  ' ' ) 

(ref,  (181) 

(Vs, 

(10"  cm') 

(10" cm  ’) 

B27 

2.5:1 

583 

15 

700 

72 

9,3000 

106000(70  K) 

0.28 

29.0 

51.0 

B38 

4,5:1 

583 

10 

700 

16 

I6IOOO 

219000(50  K) 

0.31 

4.0 

15.0 

B43 

3.1 : 1 

it 

0 

10 

700 

13 

182000 

278000(40  K) 

0.2 

1.5 

13.5 

B45 

3.2 : 1 

580 

15 

700 

9,7 

184000 

275000 (50  K) 

0.3 

4.0 

5.0 

B48 

3.2:1 

612 

15 

700 

7.6 

203000 

327000 (42  K) 

0.2 

6.3 

0.7 

B49 

3.2:1 

618 

15 

700 

9.5 

191000 

282000  (45  K) 

0.24 

- 

- 

B50-" 

2,5 : 1 

580 

15 

700 

9.8 

211000 

.3.32000(40  K) 

<0.1 

.3,2 

.3.8 

BSO*” 

2.5.1 

*580 

15 

700 

4.6 

174000 

- 

0,62 

8.0 

4.0 

B52 

3.2:1 

610 

15 

700 

10.3 

191000 

283000  (45  K.) 

0.2 

6.7 

3.3 

B54 

3.5:1 

583 

15 

650 

2.8 

220000 

402000(28-40  K)  0.2 

1,1 

2.9 

B55 

4.1 :1 

583 

20 

600 

SI 

- 

_ 

- 

- 

B56 

4.1:1 

580 

30 

635 

SI 

_ 

0,55 

3.0 

B64 

2.9:1 

585 

15 

700 

6.9 

195000 

326000  (40  K) 

0.28 

5.0 

3.0 

B37 

7.6:1 

585 

15 

(AS4) 

2.4 

160600 

*0.8 

_ 

_ 

B47 

5.5:1 

581 

15 

(AS4) 

6.6 

4055 

(p-lype> 

- 

- 

- 

*'  Centre. 
*”  Edge. 
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only  the  relative  donor  densities  in  a  particular 
sample,  the  concentration  of  individual  shallow 
donors  can  be  estimated  from  the  FIRPC  spectra 
used  in  conjunction  with  Hall  measurements,  pro¬ 
vided  the  deep  electron  trap  concentration  is 
negligible.  The  77  K  Hall  data,  peak  electron 
mobilities,  and  estimated  donor  impurity  con¬ 
centrations  (iVsi  and  are  summarised  in  table 
1,  An  iterative  procedure  was  used  to  produce 
consistency  between  the  total  depletion  layer 
thicknesses  and  the  free  electron  density,  based  on 
numerical  values  derived  from  ref.  [15]. 


3,  Results  and  discussion 

All  layers  grown  with  As,  were  n-type,  in  con¬ 
trast  to  AS4  growth  from  “conventional"  Knud- 
sen-type  sources  in  two  different  Varian  MBE 
systems,  where  un-GaAs  produced  from  Preussag 
arsenic  was  always  p-type.  A  test  layer,  #B47, 
was  grown  with  y,  =  100  °C  so  that  the  flux  from 
the  cracker  source  was  composed  entirely  of  AS4 
molecules;  this  layer  was  also  p-type  (table  1),  The 
sequence  of  FIRPC  spectra  reproduced  in  fig.  I 
shows  that  Si  and  S  are  the  principal  donors  in 


Fig.  1 ,  Far  infrared  phoioconductive  response  versus  magnetic 
flux  density  due  to  Is  -»  2p. ,  donor  transitions  in  Asj-grown 
MBF.  n-GaAs  under  illumination  with  302  ^m  radiation  (sam¬ 
ples  *B27-#B4S). 
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Fig.  2.  Far  infrared  phoioconductive  response  versus  magnetic 
flux  density  due  to  Is  -•  2p_ ,  donor  transitions  in  As;-grown 
MBE  n-GaAs  under  illumination  with  .302  jam  radiation  (sam¬ 
ples  «B50-«B56.  and  «A238). 


As,-grown  material,  with  traces  of  Se/Sn  [13.14], 
#B37  was  grown  with  “conventional"  AS4  and 
intentionally  doped  with  Si  for  n-type  behaviour. 
There  is  a  noticeable  absence  of  S.  possibly  be¬ 
cause  when  Asj  is  u.sed.  large  S  molecules  (Sf,,  Sg). 
released  from  the  solid  arsenic  charge,  are  them¬ 
selves  cracked  into  lighter  species  (S,.  Sj)  in  the 
cracker  furnace,  and  then  incorporated  into  the 
GaAs  more  effectively  due  to  a  higher  sticking 
coefficient  [16].  A  second  series  of  FIRPC  spectra 
is  shown  in  fig.  2.  For  *B50.  is  found  to  be 
approximately  constant  between  the  centre  and 
edge  of  the  wafer,  as  expected  for  y  ~  580  °  C 
where  desorption  of  S  as  GajS  is  insignificant 
[16],  but  is  unexpectedly  higher  near  the  edge 
where  the  increased  As-vacancy  concentration  un¬ 
der  (3x1)  growth  might  influence  a  proportion  of 
the  incident  Si  flux  to  incorporate  as  acceptors 
rather  than  donors.  The  evaluation  of  and 
for  all  As, -grown  samples  within  #B27-#B52 
suggests  is  a  progressive  clean-up  of  the  As, 
source,  after  which  and  Ag  equilibrate  at 
approximately  equal  concentrations  *=  (3-6)  X 
10”  cm  ’  for  growth  at  7^®  580°C  and  />  = 
3.2 ;  1 .  An  exception  is  #  B48  which  has  a  lower 
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A's,  =  7  X  lO'*  cm  ■  due  to  a  higher  value  of  T,. 
driving  the  surface  close  to  the  (3x1)  reconstruc¬ 
tion  where  S  loss  becomes  measurable.  #A238  is 
included  in  fig.  2  to  show  that  S  can  be  the 
dominant  impurity  in  undoped  GaAs  grown  with 
As4  (from  Johnson- Matthey  arsenic),  resulting  in 
n-type  conductivity.  Bearing  in  mind  the  previous 
comments  regarding  the  enhanced  sticking  coeffi¬ 
cients  of  smaller  S  molecules,  the  importance  of 
selecting  the  “correct”  arsenic  for  u.se  in  a  cracker 
source  becomes  apparent.  Arsenic  with  a  high 
residual  S  content  which  produces  n-type  Asj- 
grown  layers  will  yield  even  high  background  dop¬ 
ing  levels  when  used  as  As-. 

The  approximately  constant  donor  concentra¬ 
tion  is  reflected  in  consistent  values  of  n-7.  /i--, 
and  (table  1),  with  most  of  the  77  K  Hall 
data  for  samples  prepared  under  similar  condi¬ 
tions  grouped  around  =  1  x  10''*  cm  '  and 
fi-7  =  2  x  10'  cm*  V  ' '  s  '.  Plots  of  fi  versus  T 
from  *4  to  300  K  for  .samples  »B27  (the  first 
.As.-grown  .sample).  »B38.  #B45  and  *B48.  all 
grown  with  =  700°C.  are  illustrated  in  fig.  3. 
The  decreasing  influence  of  ionized  impurity 
scattering  in  stB27  through  to  «B48  is  apparent 


Temperature  (K) 

Fig.  3.  Plots  of  mohilitv  versus  temperature  for  samples  «B27. 

«B45.  «B48(  7;,  =  70()''C)and  «  B54  ( F,,  -  650°C  ). 
showing  progressive  increase  in  fipeah  vvith  decreasing  total 
ionized  impuhtv  concentration  tsce  table  1). 


8:6  81^  818  819  890  891 


Wavelength  (nm) 

Fig.  4.  5  K  photolummescence  spectra,  reprcxluced  on  identical 
intensity  scales,  for  15  thick  undoped  Ga.As  layers  grown 
by  MBH  with  (a)  .\s4  (p-iype)  and  (b)  Asj  (n-iype).  The 
excitation  conditions  were  the  same  for  both  speeira;  wave¬ 
length  488  nm:  intensity  50  mW  cm  resolulk>n  <  0.02  nm. 

as  increases  from  1.06  x  lO'  to  3.27  x  10' 
cm"  V  '  s  '.  The  compen.sation  ratios  derived 
from  theoretical  data  117)  are  lower  than  in  .Asj- 
grown  layers  with  comparable  free  electron  densi¬ 
ties.  The  main  reason  for  this  is  revealed  by  the  5 
K  PL  spectra  (fig.  4).  which  show  the  virtual 
disappearance  of  the  acceptor(earbon)-related 
transitions  for  growth  with  As.  under  (2  x  4)  As- 
siable  conditions. 

The  evidence  from  the  FI  RPC  spectra  (figs.  1 
and  2)  discus.sed  below  suggests  that  the  Si 
originates  from  a  component  in.  or  close  to  the 
cracker  furnace  of  the  As,  source,  while  the  S  is  a 
residual  contaminant  in  the  .solid  As  charge.  Three 
layers  were  grown  to  assess  the  effect  of  varying 
F,,  between  600  and  700  °C.  *B54.  JtBSS  and 
Compared  with  4tB48.  the  ratio  of  the  S 
and  Si  peaks  in  the  FIRPC  spectrum  of  itB54 
(7^,  =  650 °C)  (fig.  2)  has  changed  .such  that  > 
N^,  (  »  N^. ).  The  signatures  of  all  three  donors  are 
better  resolved  and  the  linewidths  for  sample 
It  B54  are  almost  half  those  for  tt  B48.  indicating 
an  overall  lowering  in  Nj.  Further  support  comes 
from  the  Hall  data  where  n-j^  for  ttB54  has  been 
reduced  to  2.8  x  10”  cm  \  while  Ht,  has  in¬ 
creased  to  2.2  X  10'  cW  V  '  s  ',  corresponding 
to  compensation  ratio  of  »  (».2  [17).  A,,  and  A, 
are.  therefore.  =  4  x  10”  and  =  I  x  10'’  cm 
respectively.  The  p  versus  T  plot  for  #B54  (re- 
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stricted  to  =  4-100  K  for  clarity)  is  shown  in  fig. 
3.  The  mobility  peaks  at  the  very  high  value  of 
=  4.0  X  10^  cm"  '  over  a  broad  plateau  of 

temperatures  from  =28  to  40  K,  the  highest 
mobility  ever  recorded  in  bulk  GaAs  irrespective 
of  the  growth  technique  employed.  Values  of  /tp^ak 
in  the  range  (3. 8-4.1)  X  10^  cm'  V''  s'*  have 
been  measured  for  several  Van  der  Pauw  and 
Hall-bar  geometry  samples  prepared  from  wafer 
#B54.  #B55  (?:.,  =  600°C)  and  #B56 
635  °  C)  have  also  been  analysed.  The  Is  -»  2p  _ , 
transitions  for  #B56  (fig.  2)  show  a  further  reduc¬ 
tion  by  a  factor  of  two  in  the  Si  peak  relative  to  S, 
in  sympathy  with  the  decrease  of  7^.,  to  635  °C. 
*  B55  could  not  be  measured  because  of  contact¬ 
ing  problems,  and  no  Hall  data  could  be  recorded 
for  either  «:B55  or  #B56  which  were  believed  to 
be  fully  depleted.  The  estimated  values  of  N^, 
show  a  fall  from  =6x10"  cm"’  (typical  for 
T;,  =  700°C)  to  *  1.1  X  10"  cm  ’  in  #B54  (T,, 
=  650°C),  and  =  5.5  x  lO"  cm ' ’  in  #B56  (7^.^ 
=  635  °C).  If  the  cracker  section  of  the  AS;  source 
behaves  as  a  Knud.sen-type  source,  then  the  Si  flux 
will  vary  a.s  ~  p^,(T)/T'  '  where  T){m  Torr) 
is  the  equilibrium  vapour  pressure  of  Si  over  Si  at 
temperature  T  (in  K).  and  from  ref.  [18]. 

=  - 20, 900/r-  0.565  log,,,?"-)-  10.78. 
S^,  is  predicted  to  fall  by  13.8  as  is  lowered 
from  700  to  650  °  C.  and  a  further  x  2.3  as  y,  is 
decreased  from  650  to  635  °C.  Both  reductions  are 
comparable  to  the  estimates  of  =  x  6  and  =  x  2 
based  on  the  FIRPC  and  Hall  data,  substantiating 
the  view  that  the  Si  flux  does  originate  from  a 
component  in.  or  clo.se  to.  the  hot  cracker  furnace. 


4.  Conclusions 

n-GaAs  layers  with  peak  electron  mobilities 
increasing  progressively  from  1.06  X  10'  to  =  4  x 
10'  cm’  V  '  s  '  at  28-40  K.  the  highest  value 
ever  achieved  in  bulk  n-GaAs,  have  been  grown 
by  solid  source  MBE  using  As2.  Tota/  impurity 
concentrations  of  <  5  x  10"  cm"’  have  been  re¬ 
alised.  partly  a.s  a  consequence  of  a  marked  reduc¬ 
tion  in  the  concentration  of  incorporated  carbon 
for  As,  growth  compared  to  growth  under  similar 
conditions  with  AS4  generated  from  the  .same  batch 
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of  arsenic.  4.2  K  FIRPC  spectroscopy  and  4-300 
K  Hall  measurements  have  provided  evidence  that 
Si  from  the  As  cracker  contributes  to  the  unin¬ 
tended  n-type  conductivity  of  the  GaAs  layers, 
although  as  is  lowered  below  =  650  °  C,  S 
incorporated  from  the  solid  As  charge  becomes 
the  major  impurity.  There  may  be  scope  for  grow¬ 
ing  n-GaAs  with  even  higher  values  of  using 
the  8N’s  Ga  and  7N’s  As  charges  currently  availa¬ 
ble.  This  would  involve  modifying  the  conditions 
used  to  grow  #B48.  again  setting  y  to  610- 
620  °C  to  initiate  partial  desorption  of  the  inci¬ 
dent  S  flux,  but  at  the  .same  time  operating  the 
cracker  at  y,  <  650  °  C  to  minimize  the  Si  con¬ 
tamination.  A  total  impurity  concentration  of  <  1 
X  10"  cm  '  is  a  realistic  target  with  the  present 
MBE  equipment.  However.  Hall  measurements  on 
samples  with  low  free  carrier  concentrations  are 
hampered  by  the  combined  effects  of  the  interface 
depletion  layers  [15].  requiring  physical  thick¬ 
nesses  as  large  as  =  20-30  pm  to  avoid  total 
depletion,  depending  on  the  precise  value  of  n. 
One  solution  would  be  to  cap  the  undoped  GaAs 
layer  with  a  thin  layer  intentionally  doped  with  Si 
to  =  1  X  10'’ cm"’,  to  partially  absorb  the  deple¬ 
tion  caused  by  surface  states.  The  cap  layer  could 
then  be  fully  depleted  by  applying  reverse  bias  to 
a  Schottky  contact  covering  the  sample  between 
the  ohmic  contacts.  A  gated-Hall  .specimen  of  this 
nature  would  facilitate  measurements  on  an  un¬ 
derlying  high  mobility  layer  of  more  reasonable 
dimensions. 
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Variation  of  background  impurities  in  Al^Gai_^As  (0.3  <  .r  <  0.4) 
with  growth  temperature:  implications  for  device  leakage  current 
and  surface/heterointerface  roughness 
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In  a  wide  range  of  growth  conditions,  the  residual  impurity  concentration  is  found  to  be  higher  in  A1  .Ga,  ,  As  (0.3  <  v  <  0.4) 
than  in  GaAs.  Undoped  AlGaAs  is  p-type  for  substrate  growth  temperature  rs<6S0°C  and  n-type  for  /"s  ~  7(K)°C,  In  n-type 
All,  ,iGa„^,.As.  typical  electron  density  and  mobility  were  5x10''*  cm  '  and  2340  cm’  V  '  s  '  at  3CK)  K  and  5xl0'’  cm  '  and 
8725  cm'  V  's'  at  77  K.  which  we  believe  are  the  best  values  ever  reported  for  this  alloy.  In  p-type  samples,  hole  density  was 
<  5  X  lO'"'  cm  '  at  300  K  for  =  580°C.  and  >  4x  lO'^cm  '  for  6(X)°C  <  7s  s  6H0°C.  Phololuminescence  (PL)  intensity  of  near 
band  to  band  emission  at  1.5  K  decreased  with  increasing  from  580”C  but  increased  dramatically  with  sharper  peaks  for 
7"^  >  6S0°C.  Leakage  current  in  0.5  gm  n  ■-GaAs/0.2  pm  undoped-.AI,,  ,Ga„7As/n  -GaAs  SIS  heterostructure  diodes  increased  with 
increasing  7"^  of  AlGaAs  from  SSO'T  to  620°C  but  decreased  several  orders  of  magnitude  for  T^  =  700° C .  Thus.  Hall.  PL  and 
leakage  current  measurements  suggest  degradation  of  AlGaAs  properties  with  increasing  between  580  and  bSO'C  but  dramatic 
improvement  for  >  hSO^C,  Misorienting  the  (100)  GaAs  substrates  by  2°  -3°  towards  (11 1)A  also  caused  marked  improvements 
in  material  quality  in  non-optimum  growth  conditions.  For  up  to  5  pm  thick  AlGaAs.  there  is  no  ■’forbidden"  range  of  growth 
lemperature  for  misoriented  substrates,  hut  10  pm  thick  layers  were  equally  hazy  on  both  type  of  subsirales  for  630  <  <  680°C'. 

For  best  performance,  devices  employing  undoped  AlGaAs  should  be  grown  at  -  580°C  or  if  structure  permits  at  -  700‘’C. 


I.  Introduction 

Epitaxial  growth  of  AI^Ga,  . ,  As  with  very  low 
levels  of  background  impurities  is  imperative  for 
the  success  of  AlGaAs/GaAs  technology  for 
switching,  microwave  and  photonic  device  appli¬ 
cations,  especially  in  devices  where  undoped  Al¬ 
GaAs  is  used.  Growth  of  smooth  and  high  purity 
AlGaAs  by  molecular  beam  epitaxy  (MBE)  is 
fundamentally  more  difficult  than  that  of  GaAs 
due  to  complex  growth  kinetics  and  high  reactivity 
of  A1  with  oxygen  and  other  impurities  which  are 
normally  present  in  residual  gases  in  an  MBE 
system.  While  there  have  been  numerous  reports 
on  the  growth  parameter  dependent  properties  of 
MBE-AIGaAs  [5-15],  very  few  data  are  available 
[16]  on  the  level  of  background  impurities  in  un- 
doped-AIGaAs  and  their  variation  with  growth 
temperature.  In  addition,  there  exists  a  “forbidden 
range"  [7  11]  of  substrate  temperature.  7^.  be¬ 
tween  630  and  690  °C  where  the  surface  mor¬ 


phology  of  Al,Ga,.,As  degrades  and  becomes 
hazy.  Furthermore,  properties  of  AlGaAs  also  af¬ 
fect  the  AlGaAs/GaAs  interface  quality  and  the 
properties  of  overgrown  GaAs  [1-4.14],  The  in¬ 
verted  interface  (GaAs  on  AlGaAs)  is  usually 
rough  in  compari.son  with  the  normal  interface 
(AlGaAs  on  GaAs)  [14]. 

Despite  extensive  efforts,  variation  of  proper¬ 
ties  of  AlGaAs  with  growth  temperature,  the  pre.s- 
ence  of  “forbidden"  growth  temperature  range, 
and  the  origin  of  heterointerface  roughness  are  not 
well  understood.  It  is  not  yet  clear  why  growth  of 
different  devices  require  growth  of  AlGaAs  at 
different  temperatures  [6],  We  feel  that  answers  to 
these  questions  lie  with  the  background  impurities 
in  AlGaAs  which  vary  with  growth  temperature 
and  has  not  yet  been  well  studied.  Using  our  clean 
MBE  system  and  the  purer  .sources  currently  avail¬ 
able,  we  have  studied  the  background  impurities 
and  their  effect  on  optical,  electrical  and  surface 
morphological  properties  of  undoped  thick  ( >  10 
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fim)  A1  ,Ga,  _ ,  As  (jc  >  0.3)  layers  as  a  function  of 
growth  temperature  between  580  and  700°C.  Ef¬ 
fects  of  substrate  misorientation  were  also  studied. 
Details  of  the  study  are  reported  here. 


2.  Experimental 

The  Al,Ga,_  ,  As/GaAs  structures  were  grown 
using  AS4  flux  in  a  Riber  32P  MBE  system  dis¬ 
cussed  elsewhere  [17].  For  studying  background 
impurities.  10  gm  or  thicker  undoped  layers  of 
.Al,Ga,_^As  (0.3  <  .r  <  0.4)  were  g  own  at  T<f 
varying  between  580  and  700°C  on  exact  (100) 
and  2°  to  3°C  off  (100)  towards  (lll)A  undoped 
semi-insulating  GaAs  substrates.  We  used  8N  pu¬ 
rity  Ga.  7N5  purity  As.  and  6N  purity  A1  rods. 
Due  to  the  high  purity  As  source  used,  we  do  not 
notice  any  marked  effect  of  As4/Ga  flux  ratio  on 
the  properties  of  AIGaAs  and  GaAs.  Normally, 
•Asj/Ga  flux  ratio  was  kept  at  the  minimum  nec¬ 
essary  to  achieve  As-stabilized  growth  conditions. 
The  growth  rate  of  GaAs  was  kept  fixed  at  1.0 
gm/h  in  all  the  structures  and  AlAs  growth  rate 
(  <  0.5  gm/h)  was  adjusted  to  obtain  the  desired 
value  of  .V.  For  comparison,  undoped  and  lightly 
Si-doped  GaAs  layers  were  also  grown.  The  sub¬ 
strate  temperature  was  measured  by  a  2CKX)  .series 
Ircon  pyrometer  within  ±5‘’C  accuracy.  To  study 
the  surface  roughness  and  the  effect  of  substrate 
mi.sorientation  in  obtaining  smoother  growth  in 
the  forbidden  temperature  zone,  two  monolayers 
thick  GaAs  marker  layers  were  periodically  incor¬ 
porated  in  AIGaAs  layers  grown  simultaneously 
on  both  types  of  substrates.  The  grown  layers  were 
characterized  by  Hall  measurements  at  a  magnetic 
field  of  0.5  G  and  by  1.5  K  photoluminescence 
(PL)  using  514.5  nm  line  of  an  argon  ion  laser 
with  0.1  W/cm*  excitation  density. 

To  .study  the  effect  of  growth  temperature  re¬ 
lated  background  impurities  on  the  leakage  cur¬ 
rent  in  devices  employing  undoped  AIGaAs  layers, 
three  semiconductor- insulator-semiconductor 
(SIS)  (0.5  gm  n*-GaAs/0.2  gm  undoped- 
Al„  ,Ga„7As/n^-GaAs)  heterostructures  were 
grown  on  n*-GaAs  substrates  with  different 
growth  temperatures  for  AI„  ,Gan7As.  which  were 
580.  620  and  700°C.  for  GaAs  was  580°C.  On 


each  side  of  AIGaAs,  25  A  of  GaAs  was  kept 
undoped  to  minimize  diffusion  of  Si  into  undoped 
AIGaAs.  Ga  and  A1  cell  temperatures  were  kept 
the  same  in  all  three  structures.  Consequently,  the 
structure  in  which  Al  ^Ga,  As  was  grown  at  700°C 
should  have  x  ~  0.33-0.35  due  to  reduced  sticking 
coefficient  of  Ga  at  this  temperature.  After  growth, 
n* -GaAs/ u- AIGaAs/ n^GaAs  mesa  diodes  of 
diameters  125,  250.  and  500  gm  were  made  by 
chemical  etching  of  the  top  GaAs  and  AIGaAs 
layers  in  3NH4OH  :  IHjOi :  15H2O  using  Au- 
Sn-Au  ohmic  metal  contacts  as  the  mask.  The 
resulting  devices  were  characterized  for  leakage 
current  at  various  temperatures  between  77  and 
300  K. 


3.  Results 

3.  /.  Surface  morphology 

Al,Ga,  _ ,  As.  irrespective  of  .x.  grown  at  580  < 
Ts  <  620°C  had  featureless  morphology.  Between 
630  and  680®C.  all  the  A1  ,Ga, .  ,  As  (0.3  <  .x  <  0.7) 
layers  (  >  0.5  gm  thick)  studied  on  (100)  substrates 
had  hazy  surfaces.  AlAs  layers  were  smooth  irre¬ 
spective  of  the  growth  temperature.  For  700  °C 
growth,  surfaces  were  smooth  if  x  s  0.5  and  hazy 
if  x  was  between  0.6  and  0.7.  If  grown  on  3°  off 
(100)  towards  ( 1 1 1 ) A  substrates,  up  to  5  gm  thick 
A1  ,Ga , .. ,  As  layers  had  smooth  surfaces  irrespec¬ 
tive  of  the  values  of  T^(<  700°C)  and  x.  but  after 
-  5  gm  of  growth  surfaces  developed  haziness 
during  growth  at  660°C.  and  10  gm  thick  layers 
were  as  hazy  as  those  on  exact  (1(K))  substrates. 

To  illustrate  the  effect  that  substrate  misorien¬ 
tation  has  in  the  forbidden  temperature  range  on 
surface  smoothness  of  AIGaAs,  we  show  in  figs, 
la  and  lb  the  TEM  cross-sectional  images  of  1.7 
gm  thick  Al(,  j,Ga(,h^As  grown  simultaneously  on 
both  types  of  substrates  at  660  °C  with  GaAs 
marker  layers  at  regular  intervals.  In  the  in.set. 
Nomarski  phase  contrast  images  of  the  respective 
surfaces  are  also  shown.  The  GaAs  marker  layers 
clearly  illustrate  that  the  AIGaAs  surface  is  flat 
throughout  on  the  misoriented  substrate  (fig.  la), 
but  becomes  wavy  after  0.5  gm  of  growth  on  the 
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Fig.  I,  (2001  dark-field  TEM  images  of  Al„  ,5Ga(,,,<,As  grown  simultaneously  al  660'’C  on  (a)  3°  off  (100)  towards  <111)A  substrate 
and  (b)  (100)  substrate.  GaAs  marker  lines  show  smooth  growth  on  tnisoriented  substrate  and  rough  growth  on  exact  (100)  substrate. 
In  inset.  Nomarski  phase  contrast  images  of  resulting  surface  morphology  are  also  shown. 


Table  1 

Growth  temperature  dependent  properties  of  undoped  AI,Ga,_  ,As 


Sample 

No. 

Growth 

temperature 

rc) 

AlAs 

content. 

x 

Thickness 

(urn) 

Background  impurities  (300  K) 

Type  Density 

(cm  ') 

Mobility 
(cm"  V  '  s  ' ) 

Surface 

morphology 

N444 

700 

0.33 

11.4 

n 

5x10'“ 

(5x  lO'-  at  77  K) 

2340 

(8725  al  77K) 

Smot>lh 

N462 

680 

0.34 

11.0 

p 

4x10'' 

88 

Hazy 

N464 

660 

0.35 

15  0 

p 

4xl0" 

(1  xlO")"’ 

92 

(150)  *' 

Hazy 

N461 

640 

0.33 

10.0 

p 

4X10" 

90 

Hazy 

N469 

630 

0.32 

12.0 

p 

4xl0" 

50 

Hazy 

N454 

620 

0.37 

10.0 

p 

4x10"’ 

120 

Smooth 

M452 

580 

0.35 

10.0 

p 

- 

- 

Smooth 

N4(i3 

580 

0.30 

20.0 

p 

5X10'“ 

440 

Smooth 

N459 

580 

0 

12.0 

p 

<1XI0'“ 

725 

Smooth 

N439 

580 

0 

13.0 

n 

(Si-doped) 

lx  10" 

6715 

(64000  at  77  K) 

Smooth 

■*'  On  3°  off  (100) -»  {1 1 1)A  .substrate. 

Undoped  and  Si-doped  GaAs  layers  for  comparison. 
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(100)  substrate  resulting  in  a  hazy  surface  (fig.  lb). 
The  waviness  or  surface  roughness  increases  with 
tliickness. 

3.2.  Hall  measurements 

Table  1  summarizes  the  growth  temperature 
dependent  properties  of  undoped  Al,Ga|_^As 
layers.  Only  the  typical  results  are  shown;  the 
total  number  of  wafers  grown  were  more  than 
those  listed.  The  AlGaAs  layers  grown  at  700  °C 
were  reproducibly  n-type.  and  the  layers  grown 
between  500  and  680  °C  were  always  p-type.  In 
n-type  samples  (N444),  electron  density  and  mo¬ 
bility  measured  in  the  dark  were  5  x  lO''*  cm~  ' 
and  2340  cm  V'  s~'  at  3(X)  K  and  5  x  lO’’  cm  ’ 
and  8725  cm‘  V^'  s“'  at  77  K.  To  the  best  of  our 
knowledge,  these  are  the  best  values  ever  reported. 
The  sample  was  conductive  up  to  30  K  and  ex¬ 
hibited  no  persistent  photoconductivity.  Interest¬ 
ingly.  in  p-type  samples.  -  Nq  was  S  5  X  10''* 
cm  ■  ’  if  grown  at  580 °C  and  >  4  x  lO'*  cm'"’  if 
grown  between  600  and  680'’C  irrespective  of  the 
surface  morphology.  Reduced  hole  mobility  for  7^ 
between  630  and  680°C  suggests  a  high  level  of 
impuritv  compensation;  thus  background  impurity 
or  stoichiometric  defects  density  may  even  be 
higher  than  shown.  These  doping  levels  are  signifi¬ 
cantly  larger  than  the  typical  background  doping 
{ -  A(,)  of  <  10''*  cm  “ '  measured  in  undoped 
GaAs  grown  using  the  same  Ga  and  As  sources. 
High  hole  mobility  of  725  cm^  V"'  s  '  at  300  K 
(N459)  in  undoped  and  high  electron  mobility  of 
64000  cm’  V  ’  s”  '  at  77  K  in  Si-doped  (n  =  1  x 
10''  cm  ’)  GaAs  (N439)  (table  1)  indicate  very 
low  level  of  impurity  compensation  in  GaAs. 

The  level  of  background  impurities.  -  A,,, 
was  either  similar  or  lower  within  an  order  of 
magnitude,  but  never  higher,  in  AlGaAs  grown  on 
misoriented  substrates  compared  to  those  grown 
simultaneously  on  exact  (100)  surfaces.  The  dif¬ 
ference  was  larger  in  samples  grown  in  less  than 
the  optimum  conditions. 

3. 3.  Photoluminescence 

The  1.5  K  PL  spectra  of  three  samples.  N444. 
N452  and  N454.  grown  at  700,  580  and  620  °C, 


Fig.  2.  1.5  K  PL  spectra  of  samples  N444.  N452  and  N454 
grown  at  70X1.  5S0  and  620°C  re.spectivelv- 

respectively,  are  shown  in  fig.  2  from  which  several 
interesting  observ'ations  can  be  made.  Consistent 
with  the  earlier  reported  results  [5],  N444  (.x  = 
0.33)  grown  at  700°C  has  the  best  PL  spectra.  It 
has  a  very  sharp  and  intense  shallow  impurity 
bound  exciton  peak  at  1.934  eV  with  full-width  at 
half-maximum  (FWHM)  of  3  meV.  and  a  donor 
or  defect  bound  exciton  peak  at  1.9205  eV.  and  it 
shows  little  deep  acceptor  related  emission.  This 
agrees  with  the  Hall  measurement  data  which 
show  the  sample  to  be  n-type.  It  is  not  clear 
whether  the  peak  at  1.9205  eV  is  related  to  a 
defect  or  donor.  If  it  is  related  to  the  donor,  its 
depth  of  13.5  meV  agrees  well  with  the  earlier 
re.sults  of  Chand  and  coworkers  [15].  These  authors 
observed  a  shallow  donor,  in  addition  to  the  deep 
donor,  with  an  activation  energy  of  13  meV  in 
Si-doped  Al„ j^Ganj,^ As  by  Hall  measurements. 


24 


N.  Chandet  ai  /  Variation  of  background  impurities  in  Alfia,  -  ^  As  with  growth  temperature 


The  bound  exciton  peak  at  1.949  eV  in  sample 
N452  grown  at  580°C  is  an  order  of  magnitude 
less  intense  as  compared  to  N444  and  has  an 
increased  FWHM  of  7.0  meV.  In  addition,  in  this 
sample,  carbon  acceptor  related  emission  is  more 
intense  than  the  BE  emission.  This  indicates  the 
presence  of  a  high  level  of  carbon,  consistent  with 
the  Hall  measurement  data  which  shows  the  sam¬ 
ple  to  be  p-type. 

Surprisingly,  sample  N454  grown  at  620°C, 
which  had  a  smooth  surface,  has  much  weaker 
phoioluminescence  than  samples  N444  and  N452. 
The  spectrum  is  dominated  by  very  weak  C-re- 
lated  emission.  This  result  is  contrary  to  the  earlier 
published  results  which  indicate  an  improvement 
in  optical  prop>erties  of  AlGaAs  with  increasing 
growth  temperature.  We  expected  N454  to  be 
optically  brighter  than  N452  but  the  reverse  is 
obsened.  This  behavior  was  reproducibly  ob¬ 
served  in  several  other  samples  grown  at  580  and 
620  °C.  The  AlGaAs  samples  in  table  1  grown 
between  630  and  690  °  C.  which  had  hazy  surfaces, 
had  very  broad  and  weak  photoluminescence. 

3.4.  I-V  characteristics  of  SIS  structures 

The  I-  V  characteristics  of  three  SIS  structures 
discussed  in  section  2  in  which  undoped 
Alo  jGaii7As  layers  were  grown  at  580,  620  and 
700°C  are  shown  in  fig.  3  at  3300  and  100  K  for 
voltages  applied  in  both  directions.  The  device 


Fig.  3.  l-y  characteristics  of  250  /im  diameter  three  n‘- 
GaA.s/u-AIGaAs/n*-GaAs  diodes  measured  at  300  and  100 
K.  The  devices  differed  in  the  growth  temperature  of  undoped 
AlGaAs  which  was  700,  620  and  580°C. 


diameter  in  all  three  cases  was  250  pm.  Voltages 
are  measured  with  respect  to  the  substrate.  The 
AlGaAs  in  these  devices  is  expected  to  behave  as 
an  insulating  barrier  and  the  current  should  flow 
by  thermionic  emission  over  the  AlGaAs  barrier. 
Thus,  the  goal  here  is  to  examine  the  current 
blocking  capability  of  the  AlGaAs.  These  devices 
have  both  normal  and  inverted  AlGaAs/GaAs 
heterointerfaces  which  dominate  the  current  con¬ 
duction  process  for  positive  and  negative  voltages, 
respectively.  In  most  conditions,  the  leakage  cur¬ 
rents  are  smaller  for  positive  voltages  indicating 
the  superior  quality  of  the  normal  AlGaAs/GaAs 
heterointerfaces  as  compared  to  the  inverted  het¬ 
erointerfaces. 

Consistent  with  the  Hall  and  PL  measurements, 
the  700°C  AlGaAs  devices  have  the  best  and 
620°C  AlGaAs  devices  have  the  worst  /-  V  char¬ 
acteristics  both  at  300  and  at  100  K.  At  300  K.  the 
latter  devices  are  short  circuited  indicating  that 
the  Alo  3Ga„  7As  grown  at  620  °C  contains  a  large 
density  of  defects  and/or  impurities.  Leakage  cur¬ 
rent  in  700  °C  AlGaAs  devices  is  one  to  several 
orders  of  magnitude  smaller  than  in  the  devices 
grown  at  the  two  lower  temperatures.  The  some¬ 
what  higher  AlAs  content  in  this  device,  due  to 
growth  of  AlGaAs  at  700  °C  as  discussed  earlier, 
does  not  explain  the  observed  smaller  leakage 
current.  An  AlAs  content  of  0.35  instead  of  0.3 
can  only  decrease  the  leakage  current  by  one  order 
of  magnitude  at  100  K.  Furthermore,  the  current 
in  700  °  C  AlGaAs  device  exhibits  strong  tempera¬ 
ture  dependence,  whereas  in  the  other  two  devices 
the  currents  exhibit  lack  of  temperature  depen¬ 
dence.  which  is  the  characteristic  of  tunneling. 
This  suggests  that  the  current  in  620  °C  AlGaAs 
devices  is  largely  due  to  defects  or  impurity  as¬ 
sisted  tunneling,  and  the  AlGaAs  offers  no  barrier 
to  the  flow  of  electrons  especially  at  300  K.  In 
700  °C  AlGaAs  devices,  the  current  is  largely  due 
to  thermionic  emission  over  the  AlGaAs  barrier 
and  thus  the  AlGaAs  is  presumed  free  from  im¬ 
purities  and  defects.  The  case  of  580°C  AlGaAs 
falls  between  these  two  categories  at  300  K  and 
for  low  voltages  at  77  K.  However,  there  is  not 
much  difference  between  580 °C  and  620 °C 
AlGaAs  devices  at  77  K  for  larger  voltages  when 
the  AlGaAs  barrier  becomes  ineffective.  Notice 
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that  if  there  was  any  thermal  diffusion  of  Si 
impurities,  it  should  have  been  more  significant  in 
700°C  AlGaAs  devices.  Thus,  the  effect  of  diffu¬ 
sion  of  Si  on  leakage  current  in  all  three  devices 
can  be  discounted. 


4.  Summary 

Hall  and  PL  measurements,  and  the  leakage 
current  in  SIS  structures  suggest  degradation  of 
undoped  Al  ,Ga,  ,  As  (0.3  <  ac  <  0.4)  with  increas¬ 
ing  growth  temperature  (T^)  between  580  and 
680°C,  but  a  dramatic  improvement  at  700°C. 
For  some  growth  conditions,  there  is  also  a  marked 
improvement  in  material  quality  if  it  is  grown  on 
2° -3°  off  (100)  towards  <;ill)A  substrate.  We 
believe  abnormal  growth  behavior  of  AlGaAs  is 
largely  due  to  the  presence  of  background  impuri¬ 
ties  incorporation  of  which  vary  with  substrate 
growth  temperatures. 
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Properties  and  applications  of  Al^Ga,_j,As  (0  <  x  <  1)  grown 
at  low  temperatures 

T.Y.  Chu,  A.  Dodabalapur  *,  A.  Srinivasan.  D.P.  Neikirk  and  B.G.  Streetman 

Microelectronics  Research  Center,  Department  of  Electrical  and  Computer  Engineering,  The  University  of  Texas  at  Austin. 
Austin,  Texas  78712-1084,  USA 


We  have  used  low  temperature  MBE  growth  to  obtain  highly  resistive  GaAs  and  AIGaAs  layers  with  potential  applications  in  a 
variety  of  devices  Using  MIS  structures,  we  have  examined  the  resistivity  of  AIGaAs  for  various  aluminum  mole  fractions  and 
growth  temperatures.  A  GaAs  resistor  structure  was  grown  at  300“C  and  a  resistivity  of  5  X 10*  !2  cm  is  measured.  This  agrees  well 
with  the  resistivity  of  3x10*  S2  cm  measured  using  an  MIS  structure.  Furthermore,  we  have  grown  a  HEMT  structure  with  high 
mobility  (g  =  156.000  cm*  V*'  s  '  at  77  K)  and  electron  sheet  den.sity  (n,  =  6.0x10"  cm**  at  77  K)  on  a  highly  resistive 
low-temperature  grown  (LTG)  Al,,  ,Ga„7As/GaA5  superlatlice  buffer.  To  test  the  LTG  AIGaAs  as  a  possible  dielectric  for 
microwave  applications,  a  coplanar  waveguide  (CPW)  was  fabricated  on  a  0.75  pm  epitaxial  Al„iGai,7As  layer  grown  at  270‘’C. 
There  was  virtually  no  difference  in  the  measured  S-parameters  for  the  coplanar  waveguide  (CPW)  fabricated  on  the  0.75  pm 
epitaxial  Al,j  iGuotAs  layer  and  the  CPW  made  directly  on  a  semi-insulating  GaAs  wafer. 


1.  Introduction 

There  has  been  considerable  interest  in  the 
low-temperature  growth  of  GaAs  as  a  buffer  layer. 
Using  Ga  and  AS4  fluxes  at  150  to  300  °C  to  grow 
a  resistive  GaAs  buffer,  it  has  been  shown  that  the 
output  resistance  and  breakdown  voltages  im¬ 
prove  for  MESFETs  fabricated  on  the  low  tem¬ 
perature  GaAs  buffer  [1].  The  GaAs  buffer  layer  is 
effective  since  it  is  crystalline,  highly  resistive,  and 
has  a  high  breakdown  electric  field.  This  low-tem¬ 
perature  grown  (LTG)  GaAs  MESFET  buffer 
technology  has  been  used  to  fabricate  GaAs  SCFL 
frequency  dividers  with  a  maximum  clock  rate  of 
22  GHz  [2].  Recently,  there  has  been  interest  in 
explaining  the  material  aspects  of  the  LTG  GaAs 
layers  as  well  [3.4]. 

In  addition  to  continuing  the  work  on  the 
growth  of  LTG  GaAs.  we  have  also  begun  grow¬ 
ing  and  using  LTG  AIGaAs  as  a  semi-insulating 

*  Current  address:  AT&T  Bell  Laboratories.  Holmdel.  New 
Jersey  07733.  USA. 


layer.  The  low  temperature  growth  (200  to  300 ‘’C) 
of  AIGaAs  using  molecular  beam  epitaxy  (MBE) 
results  in  layers  which  are  more  resistive  than 
corresponding  GaAs  layers  [5].  As  with  LTG 
GaAs.  we  find  that  an  in  situ  arsenic  anneal  serves 
to  increase  the  resistivity  of  the  LTG  AIGaAs 
layers. 

In  this  study,  we  examined  the  resistivity  of 
AIGaAs  grown  at  low  temperatures  as  a  function 
of  growth  temperature  and  aluminum  mole  frac¬ 
tion.  Resistivity  serves  as  a  useful  monitor  of  the 
LTG  material  as  well  as  determining  the  amount 
of  vertical  isolation  such  a  layer  can  provide.  We 
have  also  built  a  HEMT  structure  on  LTG  material 
and  have  tested  LTG  AIGaAs  as  a  possible  dielec 
trie  for  microwave  applications.  We  have  used  a 
Varian  Gen  II  MBE  system  to  grow  GaAs  and 
AIGaAs  layers  from  200  to  300  °C.  All  samples 
were  grown  using  dimeric  arsenic  under  arsenic- 
rich  conditions.  The  dimeric  arsenic  is  generated 
by  a  refractory  arsenic  cracking  source  developed 
in  our  laboratory  and  discussed  elsewhere  (6). 


0022-0248/91/S03.50  1991  -  Elsevier  Science  Publishers  B.V.  (North-Holland) 


T.Y.  Chu  el  al.  /  Properties  and  applications  of  Al  fia ,  grown  at  LT 


27 


2.  Results  and  discussion 

A  Standard  technique  for  measuring  resistivity 
of  a  semiconductor  sample  involves  making  four- 
point  probe  measurements  on  Van  der  Pauw 
structures.  Such  measurements  of  an  LTG  Al- 
GaAs  layer  grown  on  a  semi-insulating  (SI)  sub¬ 
strate  are  complicated  by  parallel  conduction  in 
the  SI  substrate.  Parallel  conduction  occurs  be¬ 
cause  the  LTG  AlGaAs  can  have  a  resistivity 
comparable  to  or  much  higher  than  the  underlying 
SI  substrate. 

To  examine,  these  highly  resistive  layers,  MIS 
structures  were  grown.  The  V/lII  flux  rate  and 
growth  rate  calibrations  were  done  on  a  calibra¬ 
tion  sample  at  600  °C  prior  to  the  actual  growth 
of  the  LTG  AlGaAs.  The  MIS  structure  consists 
of  1.0  /im  of  silicon-doped  GaAs  (5  x  lO*'  cm ' 
^rown  on  an  n  *-GaAs  substrate,  followed  by  2000 
A  of  LTG  AlGaAs.  In  addition,  for  MIS  struc¬ 
tures  with  an  LTG  AlGaAs  layer  having  mole 
fractions  above  0.3,  a  120  A  undoped  GaAs  cap 
layer  is  grown  at  600  *  C  on  the  LTG  AlGaAs.  The 
cap  layer  is  important  to  prevent  the  formation  of 
oxides  at  the  .surface  after  removal  of  the  sample 
from  the  MBE  system.  A  contact  consisting  of 
2000  A  aluminum  is  made  to  the  LTG  AlGaAs 
layer. 

The  /  -  y  curves  from  an  MIS  structure  consist 
of  two  regions:  an  exponential  region  and  a  linear 
region.  The  inverse  of  the  slope  measured  in  the 
linear  region  was  taken  to  be  the  resistance  of  the 
LTG  AlGaAs.  from  which  we  computed  the  resis¬ 
tivity  of  the  material. 

To  verify  the  resistivity  extracted  from  the  MIS 
structure,  we  used  a  resistor  structure  as  well.  The 
resistor  structure  was  grown  on  an  n^  (100)  GaAs 
substrate  and  consisted  of  the  following  layer  se¬ 
quence:  2000  A  of  silicon-doped  GaAs  (5  x  lO”* 
cm  ’)  grown  at  600  °C  followed  by  1  /xm  of 
GaAs  grown  at  300  °C.  and  capped  by  2000  A  of 
silicon-doped  GaAs  (5x10'"  cm'’)  grown  at 
600  °C.  An  ohmic  contact  consisting  of  50  A  of 
nickel.  1000  A  of  Au/Ge,  and  capped  by  150  A  of 
nickel,  annealed  at  450  °C,  was  made  to  the  resis¬ 
tor  structure.  A  resistivity  of  5  x  10’  12  cm  meas¬ 
ured  using  this  resistor  structure  agrees  well  with 
the  resistivity  of  3  x  10’  12  cm  extracted  from  an 


Fig.  1.  Resisliviiy  of  AlGaAs  grown  al  270  °C  and  1  ^im/h.  as 
a  function  of  Al  mole  fraction. 


MIS  structure  employing  a  LTG  GaAs  layer  grown 
under  the  same  growth  conditions. 

To  investigate  the  re.sistivity  of  LTG  Al,Ga,., 
As  as  a  function  of  aluminum  mole  fraction.  MIS 
structures  were  grown  at  3(X)°  C  and  a  growth  rate 
of  1  /xm/h  with  .v  =  0.  0.3.  0.5.  and  1.0.  The 
resistivity  for  each  of  the  layers  was  extracted 
from  room  temperature  l-V  curves  under  dark 
conditions  using  an  HP  4145B  Parameter 
Analyzer.  From  fig.  1  it  is  seen  that  the  resistivity 
increases  rapidly  from  that  of  GaAs  to  the  higher 
value  of  AlGaAs  and  remains  nearly  constant  for 
the  larger  mole  fractions. 

To  inve.stigate  resistivity  as  a  function  of  growth 
temperature,  AI„,Ga,i7As  and  GaAs  MIS  struc¬ 
tures  were  grown  at  210.  240.  270.  and  300  °C.  As 
shown  in  fig.  2.  the  resistivity  of  both  the  GaAs 
and  the  Al„,Ga,)7As  is  nearly  constant  for  the 
low  temperature  range  of  210  to  300 °C.  and  in 
each  case,  is  much  higher  than  the  material  grown 
at  600  °C. 

To  explore  the  potential  of  LTG  AlGaAs  in 
device  structure.^  we  have  studied  highly  resistive 
LTG  AIq  ,Ga„  7As/GaAs  superlattice  (SL)  buffers 
and  the  incorporation  of  the  LTG  AlGaAs  as  a 
dielectric  in  coplanar  waveguides. 

The  properties  of  Al„  ,Gan.7As/GaAs  super¬ 
lattices  grown  at  low  temperatures  (270 °C)  were 
studied  to  evaluate  their  performance  as  highly 
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Fig.  2.  Resistivity  of  Aly^GaurAs  and  GaAs  grown  with  1 
/im/h  and  growth  temperatures  ranging  from  210  to 600^^0. 


resistive  buffer  layers.  We  studied  the  sheet  resis¬ 
tance  of  a  10  X  (100  A  Al„  tGaojAs.  100  A  GaAs) 
SL  grown  at  270  °C  over  a  1  /im  undoped  GaAs 
buffer  grown  on  a  semi-insulating  GaAs  substrate. 
After  evaporating  a  660  fim  diameter  aluminum 
contact,  a  sheet  resistance  of  1  x  lO'"  Q/O  was 
measured.  Such  highly  resistive  layers  can  provide 
excellent  vertical  isolation  to  supress  backgating  in 
field-effect  transistors  and  also  may  find  applica¬ 
tions  in  providing  isolation  between  levels  in 
optoelectronic  integrated  circuits. 

Next  we  grew  a  HEMT  structure  on  an  LTG 
AlGaAs/GaAs  SL.  as  shown  in  fig.  3.  A  5  X  (100 
A  Al|,  ,Ga(,7As.  100  A  GaAs)  SL  was  grown  at 
270  °C  over  a  1  ftm  undoped  GaAs  buffer  grown 
on  a  semi-insulating  GaAs  substrate.  This  was 
followed  by  a  5x(100  A  Al(|,Ga„7As.  100  A 
GaAs)  superlattice  grown  at  650° C.  followed  by  a 
high  electron  mobility  transistor  (HEMT)  struc¬ 
ture.  also  grown  at  650  °C.  The  HEMT  structure 
consists  of  a  1000  A  undoped  GaAs  buffer,  a  200 
A  undoped  Al„  ,Ga,|7As  spacer,  a  300  A  n*-Al„, 
Ga,|  7As  layer,  and  a  200  A  GaAs  cap  layer.  This 
test  structure  is  very  useful  in  evaluating  material 
quality,  because  of  the  sensitivity  of  the  HEMT  to 
defects  and  impurities  in  the  2DEG  region.  The 
low  temperature  photoluminescence  (PL)  line- 
width  of  the  SL  grown  at  650  °C  on  top  of  the 


LTG  buffer  provides  a  good  index  of  interface 
and  crystalline  quality. 

In  our  test  structure,  the  4.2  K  PL  spectrum 
from  the  Alo3Gao.7As/GaAs  SL  has  a  relatively 
small  linewidth  of  1.3  meV,  which  implies  good 
quality  interfaces  [7).  Spectral  evidence  suggests 
that  this  luminescence  is  excitonic  in  origin.  The 
77  K  Hall  mobility  of  156,000  cm'  V  '  s''  and 
sheet  concentration  of  6.0x10"  cm'*  of  the 
HEMT  structure  are  also  indicative  of  high  qual¬ 
ity  material.  HEMT  structures  grown  under  simi¬ 
lar  conditions  in  our  MBE  system,  but  without  the 
low  temperature  grown  SL  buffer,  have  similar 
mobilities. 

Examining  another  possible  application  of  LTG 
AlGaAs,  coplanar  waveguides  (CPWs)  were 
fabricated  consisting  of  a  center  metal  strip  with  a 
metal  ground  plane  on  either  side.  The  center  strip 
and  the  ground  planes  are  generally  placed  on  a 
dielectric  slab  to  make  a  CPW.  Our  coplanar 


2-DEG 


Fig.  3.  Schematic  diagram  of  a  HEMT  structure  grown  on  an 
LTG  superlattice  5x(100  A  Al„  ,Gai,  vAs.  100  A  GaAs)  and  a 
superlatlice  5x(100  A  AI,,  iGa,, tAs.  100  A  GaAs)  grown 
at  650  °C,  The  HEMT  structure  has  a  measured  77  K  mo 
bility  of  156.000  cm*  V  '  s  '  at  a  2DEG  concentration  of 
6.0 X  lO"  cm  *.  From  4  K  PL.  the  mea.sured  FWHM  linewidth 
was  1.3  meV  from  the  AI||,Ga,i7As  (100  A)  superlatlice 
grown  at  650  °C'. 
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waveguide  structure  consists  of  0.75  /im  of  LTG 
Alo.3Gao7As  grown  (at  270  °C)  on  a  SI  GaAs 
substrate.  A  contact  consisting  of  200  A  Cr,  1.2 
fim  Ag,  and  500  A  Au  is  made  to  the  Alo  3Ga„  7As 
epitaxial  layer.  Using  an  HP  8510  Network 
Analyzer,  microwave  test  frequencies  up  to  30 
GHz  revealed  no  difference  in  the  measured  5- 
parameters  for  the  CPW  employing  the  LTG 
Al„,Ga|,7As  slab  and  a  CPW  employing  a  SI 
GaAs  slab.  TTris  suggests  that  the  low-temperature 
grown  AlGaAs  buffer  material  may  be  useful  as  a 
dielectric  in  devices  which  have  microwave  appli¬ 
cations. 


3.  Summary  and  conclusions 

We  have  reported  several  properties  and  poten¬ 
tial  applications  of  AlGaAs  grown  at  low  temper¬ 
atures  (200  to  300 °C)  using  MBE.  We  have  used 
Al.  Ga.  and  .\S;  fluxes  to  grow  resistive  buffers 
and  have  found  the  resistivity  of  AlGaAs  for 
selected  aluminum  mole  fractions  and  growth 
temperatures.  The  fact  that  the  resistivity  of  LTG 
AlGaAs  does  not  vary  strongly  with  .Al  mole 
fraction  of  0.3  or  higher,  or  with  growth  tempera¬ 
ture  from  200-300° C,  is  encouraging  for  practical 
applications  to  devices.  We  have  grown  a  HEMT 
structure  with  high  mobility  and  electron  sheet 
concentration  on  a  highly  resistive  LTG  Al,,, 
Ga|,-As/GaAs  superlattice  buffer.  In  addition, 
the  microwave  properties  of  LTG  AlGaAs  in  a 
coplanar  waveguide  were  found  to  be  comparable 


to  SI  GaAs.  The  present  evidence  indicates  that 
LTG  GaAs  and  AlGaAs  have  useful  properties, 
and  we  expect  interesting  device  applications  will 
be  found  for  these  materials. 
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GaAs  and  Al„  ,Ga|,7As  films  were  grown  by  molecular  beam  epitaxy  (MBE)  using  substrate  temperatures  between  350  and 
520“C.  These  samples  were  produced  under  otherwise  identical  conditions  using  either  elemental  As  (letrameric  As)  or  GaAs 
(dimeric  As)  as  the  arsenic  source,  and  using  fixed  fluxes  of  either  Si  or  Sn.  corresponding  to  an  atomic  dopant  concentration  of 
approximately  3  x  I0‘*  cm  The  samples  were  characterized  by  Hall  effect  measurements  at  300  and  77  K.  and  by  photolumines¬ 
cence  measurements  at  300  K.  In  the  as-grown  samples,  the  free  carrier  concentration,  n.  the  Hall  mobility,  fi.  and  the  luminescence 
intensity  all  decrease  as  the  substrate  temperature  decreases  below  450°C  The  lower  values  of  n.  ji.  and  luminescence  intensity  can. 
however,  he  improved  by  thermally  annealing  the  films  at  S50°C  for  between  5  and  30  s.  After  the  anneal,  values  of  n.  it.  and 
photolutninescence  intensity  are  comparable  to  those  observed  in  unannealed  films  grown  at  620°C.  For  a  given  growth  temperature, 
the  measured  electrical  and  optical  properties  and  the  annealing  behavior  of  these  samples  are  very  similar,  whether  Si  or  Sn  is  used 
as  the  dopant,  and  whether  a  tetrameric  or  dimeric  As  source  is  used. 


I.  Introduction 

The  effect  of  growth  temperature  on  the  quality 
of  epitaxial  layers  has  been  of  fundamental  inter¬ 
est  since  the  early  application  of  molecular  beam 
epitaxy  (MBE).  In  some  early  studies.  Cho  de¬ 
termined  the  temperature  limits  for  epitaxial 
growth  and  in  situ  annealing  [1|.  Later,  Metze  et 
al.  contrasted  the  role  of  surface  dynamic  processes 
with  that  of  atomic  arrival  rates  on  the  electrical 
quality  of  GaAs  films  [2].  Recently.  GaAs  layers 
grown  at  low  temperatures  have  generated  a  great 
deal  of  interest  because  field  effect  transistors 
(FETs)  have  shown  reduced  sidegating  when 
placed  atop  these  layers  [3J. 

The  original  motivation  for  this  work  was  to 
produce  modulation-doped  Alo,Ga„7As/GaAs 
heterostructures  doped  with  Sn  by  MBE.  Sn  is  a 
shallower  impurity  level  in  AlGaAs  (4]  than  the 
more  commonly  used  Si,  and  Sn  affords  substan¬ 
tially  higher  maximum  free  electron  concentra¬ 
tions  in  GaAs  than  Si  (Si  -  7  x  10"*  cm~  '  versus 
Sn  -  2  X  lO”  cm '  ’).  Because  of  these  propierties. 
Sn  modulation  doped  structures  achieve  higher 
two-dimensional  sheet  carrier  concentrations,  and 


should  lead  to  superior  microwave  performance  of 
mcxlulation  doped  FETs  (MODFETs)  compared 
to  similar  structures  doped  with  Si.  However.  Sn 
as  a  dopant  in  MODFET  layers,  which  require 
precision  20  A  spacer  layers,  is  highly  problematic. 
Sn  segregates  at  the  GaAs  surface  and  incorpo¬ 
rates  in  the  growing  layer  in  proportion  to  its 
surface  concentration  at  conventional  growth  tem- 
pieratures  [5).  The  characteristic  incorporation  dis¬ 
tance  required  to  reach  steady  state  Sn  doping  is 
of  the  order  of  1  gm  at  a  substrate  temperature  of 
620°C.  It  was  clear  that  a  new  approach  was 
necessary  if  Sn  doping  was  to  be  successful  in 
devices  requiring  abrupt  doping  profiles. 

The  motivation  for  this  work  evolved  into  find¬ 
ing  a  way  to  produce  abrupt  Sn  doping  profiles.  It 
has  been  demonstrated  that  by  decreasing  the 
growth  temperature,  the  incorporation  rates  for  Sn 
and  Te  in  GaAs  can  be  increased  such  that  the 
dopants  are  trapped  in  the  subsequent  atomic 
layers  [6].  Our  hypothesis  is  that,  at  sufficiently 
low  growth  temperatures.  Sn  would  incorporate 
into  the  lattice  with  characteristic  distances  of  a 
few  monolayers,  similar  to  distances  for  Si  in 
GaAs.  At  these  low  temperatures,  the  as-grown 
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GaAs :  Sn  and  Alo.jGay  7AS :  Sn  would  be  of  elec¬ 
trically  and  optically  poor  quality,  but  after  an¬ 
nealing,  as  in  ion  implanted  material,  the  electrical 
properties  would  become  comparable  to  material 
grown  at  conventional  temperatures.  The  studies 
described  below  demonstrate  the  feasibility  of  this 
growth  and  annealing  technique  for  Sn  doping. 
Similar  experiments  with  GaAs :  Si  and  AIq  3 
Gao7As:  Si  grown  at  low  temperatures  were  used 
to  compare  and  contrast  the  Sn  doping  results. 
Moreover,  as  a  result  of  these  experiments  we 
were  able  to  gain  insight  into  the  mechanisms 
which  result  in  the  reduced  carrier  concentrations 
at  low  growth  temperatures. 


2.  Experiments 

The  MBE  growth  of  GaAs  and  Alo,Ga„7As 
was  carried  out  in  a  Varian  GEN  II  with  a  mod¬ 
ified  substrate  holder  [7).  All  layers  were  grown  on 
.semi-insulating  (100)  GaAs  wafers  which  were 
chemically  prepared  by  a  procedure  described 
elsewhere  [8].  The  wafers  were  heated  to  640°C  in 
an  As  beam  to  desorb  the  surface  oxide  prior  to 
growth.  The  substrate  temperature  was  then  de¬ 
creased  to  one  of  four  selected  temperatures  prior 
to  growth:  620°C,  450°C.  400'’C.  350°C.  At  620°C 
the  substrate  temperature  was  set  with  a  calibrated 
optical  pyrometer,  at  the  lower  temperatures  the 
temperatures  were  set  using  the  substrate  thermo¬ 
couple.  The  substrate  thermocouple  temperature  is 
notoriously  inaccurate  (7)  but  the  substrate  tem¬ 
perature  is  reproducible  (  ±  10°C,  the  tempterature 
error  was  calculated  from  the  variation  of  the 
heater  ptower  to  achieve  the  same  setpoint).  The 
As  flux  was  maintained  at  approximately  30% 
above  the  flux  necessary  to  achieve  an  As  stable 
surface  reconstruction  and  we  observed  only  a 
weak  growth  temp>erature  dependence  in  the  As 
flux  necessary  to  maintain  these  growth  conditions 
in  the  temperature  range  considered  [2]. 

The  GaAs  spiecimens  were  1  00  urn  thick  and 
were  grown  at  a  rate  of  1.00  pim/h.  The 
Al„,Gan7As  sptecimens  were  a  three  layer  stack 
consisting  of  a  0.1  pim  buffer  layer  of  GaAs,  a  0.5 
pm  undo|}ed  AIq  ,Gao.7As  to  preclude  formation 
of  a  two-dimensional  electron  gas,  and  a  1.00  pm 


doped  Alo.3Gao.7As  layer.  The  Alo3Gao.7As 
growth  rate  was  1.43  pm/h.  A  4.5  min  Sn  prede¬ 
position  [9]  was  determined  by  secondary  ion  mass 
spectrometry  to  be  necessary  for  a  flat  Sn  profile 
for  layers  grown  at  620°C,  predepositions  were 
not  used  for  the  other  growths.  The  flux  of  Sn  and 
Si  was  held  constant  by  maintaining  the  same 
source  temperatures  for  all  experiments,  resulting 
in  GaAs  free  electrons  of  2.5  X  10'*  and  3.4  X  10'* 
cm~^,  respectively. 

The  reflection  high  energy  electron  diffraction 
(RHEED)  patterns  showed  the  standard  (2  x  4) 
pattern  at  620°C  and  an  apparent  c(2  X  2)  or 
(1  X  1)  pattern  during  growth  below  400°C.  Two¬ 
fold  and  four-fold  reconstructions  persisted  to  low 
temperatures,  but  at  the  onset  of  growth  these 
fractional  order  spots  weakened.  Newstead  et  al. 
(10]  report  mixed  (2x4)  and  c(4  X  4)  for  GaAs 
grown  in  this  temperature  region.  Weave  et  al.  [11] 
also  observed  similar  patterns  with  a  low  growth 
temperature.  The  crystal  structure  of  the  low  tem¬ 
perature  GaAs  was  also  probed  with  X-ray  dif¬ 
fractometer  measurements.  The  Al  Ka  ((X)4)  rock¬ 
ing  curve  halfwidth  of  a  GaAs  film  grown  at 
350°C  was  23  arc  sec  and  indistinguishable  from  a 
similar  film  grown  at  620°C. 

Layers  were  produced  with  either  tetrameric 
AS4  or  dimeric  As,  sources.  AS4  was  produced  by 
sublimating  elemental  As.  The  As,  was  produced 
by  heating  GaAs  chunks  in  a  40  cm'  effusion  cell; 
the  GaAs  chunks  were  formed  by  crushing  a  60  g 
piece  of  an  undoped  liquid-encapsulated  Czo- 
chralski-grown  boule.  The  Ga  flux  from  this  GaAs 
source  was  less  than  6  X  lO'"  cm  '/s  at  the  sub¬ 
strate  surface.  This  low  value  of  Ga  flux  corre¬ 
sponds  to  less  than  1%  of  the  flux  from  the  Ga 
cell,  much  less  than  expected  theoretically  [12]. 
and  is  possibly  due  to  a  self  “scavenging”  [13] 
effect  of  the  large  quantity  of  GaAs  in  the  cell. 

After  growth,  the  wafers  were  removed  from 
the  MBE  system  and  quartered.  The  as-grown 
quarter  was  characterized  by  Hall  measurements, 
for  free  electron  concentration  and  mobility,  and 
room  temperature  photoluminescence  (PL).  The 
remaining  quarters  were  subsequently  annealed  in 
a  rapid  thermal  annealing  process.  The  films  were 
uncapped  and  annealed  at  a  temperature  of  850°C 
for  5  to  30  s  in  Ar.  The  annealed  quarters  were 
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then  characterized  by  Hall  measurements  and 
room  temperature  PL. 

3.  Results 

3.!.  As-grown  material 

The  GaAs  free-electron  concentration  data  are 
plotted  in  fig.  1  as  a  function  of  growth  tempera¬ 
ture  for  films  doped  with  Si  or  Sn.  and  grown  with 
As;  or  AS4.  At  the  higher  growth  temperatures 
between  620  and  450°C,  the  free-electron  con¬ 
centration.  n,  decreased  only  about  20%  when  the 
temperature  was  decreased  for  the  Si  doped  layers 


and  was  independent  of  the  species  of  As.  Over 
the  same  growth  temperature  range  the  Sn  doped 
films  increased  about  10%.  the  increase  is  pre¬ 
sumably  due  to  increased  incorporation  of  the 
surface  Sn.  The  mobility  drops  from  an  average 
value  of  1900  to  1300  cm"/V  •  s  when  the  growth 
temperature  drops  from  620  to  450°C. 

As  the  growth  temperature  is  further  decreased, 
the  free-electron  concentration  drops  dramatically 
over  six  orders  of  magnitude  in  the  span  of  100°C. 
and  n  is  relatively  insensitive  to  the  dopant  or  the 
As  species  used.  The  mobility  of  these  layers,  both 
at  room  temperature  and  77  K  are  tightly  clus¬ 
tered.  The  room  temperature  mobility  of  the  400 
and  350°C  material  averaged  500  and  700  em‘/V 


GROWTH  TEMPERATURE  ( "O 

Fig.  I  The  free-eletirnn  concentration  of  CiaA.>i  as  a  function  of  growth  temperature.  The  symhol.s  represent  material  prixiuced  using 
the  following  vapor  species;  (■)  As,.  Si;  (a)  AS4.  Si;  (•)  As2.  Sn'  (□)  Asj,  Sn.  The  line  serves  only  as  a  guide  for  ihe  eye. 
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■  s,  respectively.  77  K  mobility  of  these  same  sam¬ 
ples  was  less  than  50  cm^/V  ■  s  when  reliable 
measurements  were  made. 

In  the  case  of  Alo  jGao^As.  the  same  general 
trend  is  observed.  Fig  2  shows  the  free-electron 
concentration  data  as  a  function  of  growth  tem¬ 
perature  for  films  grown  with  Si  or  Sn  and  As,  or 
AS4.  The  free-electron  concentration  is  about  one 
order  of  magnitude  lower  in  the  case  of 
Al(,,Gao7As  due  to  the  deeper  donors  (4]  and. 
again,  as  in  the  case  of  GaAs.  the  carrier  con¬ 
centration  changes  very  little  when  the  growth 
temperature  is  reduced  from  620°C  to  450°C. 
However,  as  the  growth  temperature  is  reduced  to 
400°C  and  350°C  the  electron  concentration  de¬ 
creases  about  six  orders  of  magnitude  for  the 


AIGaAs  grown  with  AS4  and  about  four  orders  of 
magnitude  for  the  material  grown  with  As,.  There 
was  no  difference  between  Si  and  Sn  within  the 
experimental  error.  TTte  average  room  temperature 
mobilities  for  the  620.  450.  400,  and  350°C  sam¬ 
ples  were  650.  500,  300.  and  1000  cmVV  •  s.  re¬ 
spectively.  The  large  mobility  for  the  sample  grown 
at  350°C  is  likely  an  artifact  due  to  a  small 
two-dimensional  electron  gas  at  the  substrate  in¬ 
terface.  The  other  three  indicate  a  monotonic  de¬ 
crease  in  p  as  the  growth  temperature  decreases. 

3.2.  Annealed  material 

The  free-electron  concentration,  n.  of  the  low- 
temperature  grown  films  tended  to  increase  for 


GROWTH  TEMPERATURE  ( “c) 

Fig.2.  The  free-electron  concentration  of  Alg  ]Gao,As  as  a  function  of  growth  temperature.  The  symbols  represent  material  produced 
using  the  following  vapor  species:  (■)  Asj.  Si;  (a)  AS4.  Si;  (•)  Asj.  Sn;  (D)  AS4,  Sn.  The  line  serves  only  as  a  guide  for  the  eye. 
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anneals  at  850°C  and  for  times  between  5  and  20 
s,  longer  annealing  times  resulted  in  reduced  val¬ 
ues  of  n.  Since  the  anneals  were  performed  without 
a  cap,  some  loss  of  As  from  the  near  surface 
region  was  observed.  The  measured  n  after  an 
850°C,  anneal  is  plotted  versus  growth  tempera¬ 
ture  in  figs.  3a  and  3b  for  GaAs  and  Alo3Gao7As, 
respectively.  The  overall  trend  for  the  n  in  GaAs 
and  the  Alo  jGao  7AS  samples  are  qualitatively  the 
same.  The  annealed  samples  tend  to  have  free-car- 
rier  concentrations  similar  to  those  of  samples 
grown  at  620°C.  The  degree  of  recovery  depends 


on  the  growth  temperature,  with  better  recovery 
observed  for  samples  grown  at  higher  temperature 
within  the  temperature  range  from  350  to  450°C. 
The  450 ’C  samples  have  recovered  n  completely 
within  the  measurement  error.  The  350°C  speci¬ 
mens  have,  on  the  average,  n  values  1/3  of  the 
620°C  values.  A  number  of  the  samples  recovered 
n  completely  with  different  duration  aimeals,  so 
that  with  optimized  annealing  it  would  be  possible 
to  obtain  complete  recovery  of  n  within  the  mea¬ 
surement  error.  The  average  mobility  of  the  pulse 
annealed  samples  was  nearly  independent  of 


GROWTH  TEMPERATURE  ( °c) 

Fig.  3.  (a)  The  free-electron  concentration  of  GaAs  as  a  function  of  growth  temperature  after  annealing  at  850°C  for  5  s.  (b)  The  free 
electron  concentration  of  AI„  ,Gao7As  as  a  function  of  growth  temperature  after  annealing  at  SSO^C  for  5  s.  The  symbols  represent 
material  produced  using  the  following  vapor  species:  (■)  Asj.  Si;  (o)  AS4.  Si;  (•)  Asj.  Sn.  (O)  AS4.  Sn.  The  line  serves  only  as  a  guide 

for  the  eye. 
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GROWTH  TEMPERATURE  ( °c) 
Fig.  3  (continued). 


dopant  species.  As  species,  and  growth  tempera¬ 
ture. 

Hall  effect  transport  measurements  predomi¬ 
nantly  reflect  majority  carrier  properties  of  these 
films.  The  annealed  films  could  possess  a  signifi¬ 
cant  number  of  deep  donors  and  acceptors  which 
would  have  only  a  minor  effect  on  the  electrical 
transport  data.  So  we  chose  to  measure  the  room 
temperature  photoluminescence  (PL)  intensity  in 
order  to  gain  insight  into  the  minority  carrier 
properties  of  these  films. 

The  PL  intensity  versus  growth  temperature 
was  measured  for  Alo3Gao7As  and  GaAs.  Photo¬ 
luminescence  was  not  detected  in  the  films  grown 
at  350  and  400“C  (the  detection  limit  is  approxi¬ 
mately  two  and  a  half  orders  of  magnitude  lower 


than  the  values  measured  for  the  620°C  films). 
After  pulse-anneaUng,  the  PL  intensity  of  speci¬ 
mens  grown  at  620°C  drops  to  1/10  of  their 
as-grown  value.  This  is  indicative  of  the  damage 
our  pulse-annealing  process  does  to  the  near 
surface  region  due  in  part  to  a  loss  of  As,  as 
mentioned  previously.  The  PL  intensity  of  the 
pulse-annealed  specimens  grown  at  the  other  tem¬ 
peratures  were  comparable  to  the  620°C  films. 
Because  of  the  surface  damage  from  the  pulse 
annealing,  a  number  of  specimens  were  annealed 
in  AsH,  at  700°C  for  15  min  in  order  to  minimize 
As  loss  during  this  processing.  The  PL  intensities 
of  these  Alo  3Gao.7As  samples,  shown  in  fig.  4 
were  comparable  to  similar  unannealed  specimens 
grown  at  620“C.  This  indicates  that  both  the 
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Fig.  4,  The  photolumincscence  intensity  of  Aio.xGa„-*As  as  a  function  of  the  growth  temperature  after  annealing  at  7()0®C  in  arsine. 
The  symbols  represent  material  produced  using  the  following  vapor  .species:  (□)  As^;  Asj. 


majority  carrier  properties  and  the  minority  car¬ 
rier  properties  of  these  materials  can  be  made 
comparable  to  material  produced  at  620°C. 


4.  Discussion 

The  current  view  of  the  crystal  growth  process 
requires  that  atoms  land  on  the  surface  and  migrate 
to  an  atomic  step  or  kink  where  they  are  incorpo¬ 
rated  into  the  crystal.  The  atoms  are  unable  to 
migrate  to  one  of  these  propagating  steps  if  the 
surface  temperature  is  too  low  or  the  growth  rate 
is  too  high.  Because  of  insufficient  thermal  energy 
or  time,  fewfr  atoms  reach  equilibrium  sites  before 
growth  of  the  next  atomic  layer  and,  as  a  result, 
many  more  point  defects  are  incorporated  into  the 
crystal.  These  point  defects  may  produce  elec¬ 
tronic  states  near  the  middle  of  the  gap.  Thus,  as 
the  growth  temperature  decreases  the  density  of 
traps  would  be  expected  to  increase  and  com¬ 
pensate  the  donors. 

AutcKompensation  mechanisms  may  also  play 
a  role  in  producing  the  low  n  values.  The  dopant 


atoms  must  migrate  to  the  proper  substitutional 
site.  Columns  IV  donors  such  as  Sn  and  Si  nor¬ 
mally  reside  on  a  Ga  site.  However,  if  they  incor¬ 
porate  on  an  As  .site  or  other  sites,  they  may  form 
acceptors  [14]  which  would  result  in  highly  com¬ 
pensated  material. 

Another  potential  defect  generating  mechanism 
particular  to  the  MBE  crystal  growth  involves  the 
As  species.  It  has  been  demonstrated  that  MBE 
GaAs  grows  via  a  reaction  between  As  dimers  and 
Ga  surface  atoms  [15].  Elemental  As  sublimes  as 
As  tetramers  which  are  thought  to  fission,  via  a 
reaction  with  Ga  atoms,  into  incorporated  As 
atoms  and  a  tetramer  ejected  from  the  surface 
[15].  At  lower  temperatures  the  surface  energies 
might  be  insufficient  to  break  the  tetramers  and 
thus  they  might  incorporate  as  electrically  active 
point  defects. 

As  we  have  noted,  the  reduced  free  carrier 
concentrations  depend  only  weakly,  if  at  all,  on 
the  As  species  used.  And.  the  annealing  behavior 
of  these  samples  is  independent  of  the  As  species 
used.  From  these  data,  it  is  clear  that  the  primary 
electronic  defect  responsible  for  the  drop  in  car- 
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rier  concentration  is  not  caused  by  the  As  tetra- 
mers  [11].  The  reduced  values  of  n  are  also  inde¬ 
pendent  of  the  dopant  species,  Sn  or  Si.  If  the  Sn 
and  Si  atoms  were  responsible  for  the  compensat¬ 
ing  centers,  the  mobility  of  the  autocompensating 
material  would  stay  almost  constant  as  n  drops 
because  ( -i-  )  would  be  fixed;  this  is  not  the 

case.  A  significant  reduction  in  mobility  is  even 
measured  at  growth  temperatures  above  those 
where  n  drops.  Also,  a  temperature  dependent 
autocompensation  mechanism,  where  dopant 
atoms  site-switch,  depends  on  a  difference  be¬ 
tween  the  surface  kinetics  and  thermodynamics 
for  the  dopant  atoms.  Kunzel  et  al.  [16].  for  e.xam- 
ple.  found  that  autocompensation  of  Ge  was  highly 
dependent  on  the  As  species  and  the  growth  tem¬ 
perature  in  the  range  from  500  to  600°C.  It  is 
unlikely  that  this  mechanism  for  n  reduction  would 
take  place  at  the  same  temperature  for  Si  and  Sn 
given  their  sastly  different  surface  incorporation 
rates  at  620°C  however  we  cannot  completely  rule 
out  thal  part  of  the  compensation  is  due  tt^  this 
mechanism. 

Based  on  the  loregoing,  we  suggest  two  trap 
generating  mechanisms  which  are  consistent  with 
our  data.  First,  the  low  Cia  aisini  surface  mobility 
at  low  temperature  may  play  a  significant  role  in 
the  electrical  traps  responsible  for  the  dramati¬ 
cally  reduced  n.  Though  there  is  minor  difference 
between  the  material  grown  with  .As^  and  As,,  it 
is  possible  that  breaking  the  final  .As,  bond  be¬ 
comes  the  rate  limiting  step  at  low  temperatures 
with  both  As  species  and  becomes  the  main  trap 
generating  mechanism. 

5.  Conclusions 

fiaAs  and  Al,,  .Cia,,  .As  films  were  grown  by 
molecular  beam  epitaxy  |MBF)  using  substr.iic 
temperatures  between  .1.50  and  620  °('.  These  sam¬ 
ples  were  produced  under  otherwise  identical  con¬ 
ditions  using  either  As,  or  Asj  as  the  arsenic 
source,  and  using  fixed  fluxes  of  either  Si  or  Sn 
corresponding  to  an  atomic  dopant  concentration 
of  approximately  1  x  lO’'*  cm  '.  In  the  as-grown 
samples,  the  free  carrier  concentration,  n.  the  Hall 
mobility,  g.  and  the  luminescence  intensity  all 


decrea.se  dramatically  when  the  substrate  tempera- 
lurc;s  are  below  450°C.  This  decrease  in  n  is 
primarily  due  to  an  increase  in  the  concentration 
of  compensating  traps  as  the  growth  temperature 
decreases  and  not  to  an  autocompensation  mecha¬ 
nism  for  the  dopants.  A  subsequent  5  to  30  s 
thermal  anneal  at  850  °C  of  films  growm  between 
350  and  450  °C  results  in  measured  values  of  n.  fi. 
and  lumine.scence  intensity  that  are  comparable  to 
those  of  similar  unannealed  samples  grown  at 
620°C.  For  a  given  growth  temperature,  the  mea¬ 
sured  electrical  and  optical  properties  and  the 
annealing  behavior  of  these  samples  are  very  simi¬ 
lar.  regardless  of  whether  Si  or  Sn  is  used  as  the 
dopant,  and  regardless  of  whether  a  tetrameric  or 
dimeric  As  source  is  used.  The  small  free  carrier 
concentrations  in  the  samples  are  probably  not 
cau.->ed  by  compensating  centers  that  result  from 
incomplete  dissociation  of  Asj  at  the  growth 
surface,  since  samples  grown  with  dimeric  and 
tetrameric  As  beha\e  in  a  similar  manner. 
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We  have  grown  GaAs  layers  by  molecular  beam  epitaxy  at  low  substrate  temperatures  (250°  C)  using  the  dimer  arsenic  source 
Asj.  Following  a  one  hour  anneal  at  600  °  C,  the  GaAs  layers  were  examined  with  transmission  electron  microscopy.  The  GaAs  layers 
contained  arsenic  precipitates  of  average  diameter  100  A  and  density  of  10'’cm"'. 


GaAs  buffer  layers  grown  by  molecular  beam 
epitaxy  (MBE)  at  low  substrate  temperatures  (LT- 
BLs)  have  been  attracting  attention  because  they 
can  be  used  to  eliminate  sidegating  in  field  effect 
transistors  (FETs)  [1-3].  In  addition,  the  layers 
which  are  grown  at  normal  substrate  temperatures 
on  top  of  LTBLs  exhibit  extremely  high  electrical 
quality  [4],  By  growing  at  low  substrate  tempera¬ 
tures,  excess  arsenic  is  incorporated  into  these 
buffer  layers  [5],  Raising  the  substrate  temperature 
back  to  normal  growth  temperatures  results  in  the 
excess  arsenic  forming  precipitates  [6],  These  ar¬ 
senic  precipitates  then  act  as  buried  “Schottky 
barriers”  whose  overlapping  depletion  regions  re¬ 
nder  the  material  semi-insulating  [7],  What  is  truly 
remarkable  is  that  the  GaAs  material  between  the 
Schottky  barriers  exhibits  mobility  indicative  of 
“normal”  GaAs  [8],  This  combination  of  buried 
Schottky  barriers  in  high  quality  GaAs  makes 
LTBLs  an  excellent  material  for  optoelectronic 
applications  [8,9],  Previously,  all  LTBLs  have  been 
grown  using  the  tetramer  arsenic  source  AS4.  Using 
an  LTBL  grown  with  the  dimer  arsenic  source  AS2 
as  the  photoconductive  material  in  a  broad-band 


receiver,  we  have  been  able  to  generate  and  detect 
electrical  pulses  with  full  width  at  half  maximum 
of  0.71  ps  [8],  In  this  paper  we  describe  the  growth 
of  LTBLs  using  the  dimer  arsenic  source,  present 
transmission  electron  microscopy  (TEM)  analysis 
of  these  LTBLs,  and  compare  LTBLs  grown  with 
Asj.  and  AS4. 

The  films  used  in  this  work  were  grown  in  a 
Varian  GEN  II  MBE  system  on  2-inch  diameter 
undoped  semi-insulating  liquid-encapsulated 
Czochralski  (100)  GaAs  substrates.  The  substrates 
were  degreased,  etched  in  a  60  °C  solution  of 
5  ;  1 : 1  of  H  2SO :  H  jO- :  H  2O  for  1  min  and  placed 
in  non-bonded  substrate  mounts.  The  substrates 
were  outgassed  for  2  h  at  200  °C  in  the  entry 
chamber  of  the  MBE,  moved  to  the  buffer  cham¬ 
ber  where  they  were  outgassed  for  1  h  at  300  °  C. 
and  then  loaded  into  the  growth  chamber.  In  the 
growth  chamber,  each  sample  was  heated  to  615  °  C 
for  2  min  (the  surface  oxides  desorbed  at  580 °C) 
and  then  lowered  to  the  initial  growth  temperature 
of  600“  C. 

The  growth  rate  for  all  layers  was  1  pm/h.  For 
samples  grown  with  As 2  the  group  V  to  group  III 
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beam  equivalent  pressure  was  22.  For  samples 
grown  with  AS4  the  group  V  to  group  III,  beam 
equivalent  pressures  were  16.  Initially,  0.75  {tm  of 
undoped  GaAs  was  grown.  Then  the  substrate 
temperature  was  lowered  from  an  actual  tempera¬ 
ture  of  600  °C  to  a  thermal  couple  reading  of 
250  °  C  during  the  growth  of  the  next  0.25  /im  of 
GaAs.  (At  the  actual  temperature  of  600  °C,  the 
thermocouple  reads  in  the  neighborhood  of 
7(X)°C.)  After  reaching  a  thermocouple  reading  of 
250  °C,  1  /im  of  undoped  GaAs  was  grown.  The 
substrate  temperature  was  then  ramped  back  to 
600  °C  during  the  growth  of  the  next  500  A  of 
GaAs.  After  attaining  the  normal  growth  tempera¬ 
ture  of  600  °C,  an  additional  100  A  of  undoped 
GaAs  was  grown.  This  was  followed  by  an  in-situ 
anneal  in  the  As^  or  AS4  flux  for  1  h  at  600  °C. 
The  substrate  was  rotated  at  5  rpm  during  the 
growth  of  all  layers  and  during  the  one  hour 
600  “C  anneal. 

The  TEM  examination  of  LTBLs  grown  with 
As,  and  AS4  was  performed  by  using  a  JEM  2000 
EX  electron  microscope.  For  the  examination. 
[Oil]  cross-sectional  samples  were  prepared  by  the 
ion  thinning  technique.  TEM  images  of  both  LT¬ 
BLs  have  shown  the  existence  of  a  large  number 
of  As  precipitates,  the  appearance  of  which  is 
similar  to  that  observed  in  our  earlier  study  [6}. 
Figs,  la  and  lb  are  bright  field  images  taken  from 
LTBLs  grown  with  As,  and  AS4,  respectively.  The 
two  images  were  taken  under  identical  conditions; 
cross-sectional  samples  were  tilted  from  the  [Oil] 
axis  by  a  few  degrees  to  excite  only  one  of  the 
(111)  type  reflections.  This  condition  gives  rise  to 
broad  dark  and  bright  bands  of  thickness  contours 
in  the  images,  which  were  used  for  the  estimation 
of  thicknesses  of  the  observed  areas.  The  small 
spacing  of  thickness  contours  in  fig.  lb  is  caused 
by  a  large  change  of  the  thickness  across  the 
observed  area  of  the  sample.  In  the  images.  As 
precipitates  appear  with  either  dark  or  bright  con¬ 
trasts.  depending  on  their  locations  with  respect  to 
those  of  the  thickness  contours.  As  seen  in  the  two 
images,  the  sizes  of  the  As  precipitates  are  dis¬ 
tinctly  different  between  the  two  LTBLs;  the  aver¬ 
age  diameter  of  the  precipitates  in  fig.  la  is  100  A, 
while  that  in  fg.  lb  is  50  A.  Observations  of  other 
parts  of  the  two  LTBLs  also  showed  this  same 
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Fig.  1.  Bright  field  images  of  cross-sectional  samples  of  the 
LTBLs  grown  with  (a)  As,  and  (b)  AS4. 


difference  in  sizes  of  As  precipitates.  All  observed 
precipitates  in  the  LTBL  grown  with  AS4  appear 
as  nearly  spherical  particles.  However  the 
boundaries  between  the  As  precipitates  and  the 
GaAs  for  many  of  the  large  precipitates  in  the 
LTBL  grown  with  Asj  exhibited  flat  sections,  sug¬ 
gesting  the  formation  of  low  energy  boundaries 
along  certain  crystallographic  planes.  Fig.  2  is  a 
high  magnification  bright  field  image  showing  such 
precipitates  in  the  LTBL  grown  with  As,.  In  the 
image  in  fig.  2,  many  of  the  precipitates  exhibit 
moire  fringes. 

Densities  of  the  As  precipitates  were  estimated 
from  the  bright  field  images.  The  thicknesses  of 
the  estimated  areas  were  determined  by  using  the 
extinction  distance  of  370  A  in  GaAs  for  the  (111) 
reflection  of  200  kV  electrons.  Estimated  densities 
are  on  the  order  of  lO'^cm  ^  ’  for  both  LTBLs.  No 
significant  difference  in  the  density  of  precipitates 
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Fig.  2.  High  magniflcation  bright  field  image  of  As  precipitates 
in  the  LTBL  grown  with  Asj. 


was  observed  between  the  two  samples,  although 
the  estimated  density  for  the  LTBL  grown  with 
AS4  appears  to  be  slightly  greater  than  that  for  the 
other  LTBL.  Since  arsenic  precipitates  play  a  key 
role  in  the  electrical  properties  of  LTBLs  [7], 
LTBLs  grown  with  AS2  and  As^  should  exhibit 
similar  electrical  characteristics  due  to  the  similar 
densities  of  arsenic  precipitates.  Recently,  similar 
electrical  properties  for  GaAs  LTBLs  grown  using 
dimer  and  tetramer  arsenic  sources  have  been 
observed  [10.11]. 

In  comparing  the  two  film  growths  used  in  this 
work,  the  film  grown  with  Asj  had  a  slightly 
higher  arrival  rate  of  As  atoms  than  the  film 
grown  with  A4.  as  determined  from  the  measured 
beam  equivalent  pressures  for  As  2  and  AS4.  and 
taking  into  account  the  variation  in  sensitivity  of 
an  ion  gauge  due  to  the  difference  m  number  of 
electrons  in  the  two  molecules  [12'  .owever,  we 
find  that  the  volume  fraction  of  the  elemeiual  As 
phase  in  the  LTBL  grown  with  AS2,  is  signifi¬ 
cantly  greater  than  that  in  the  LTBL  grown  with 
AS4.  indicating  a  higher  incorporation  efficiency 
of  As,,  than  that  of  AS4.  The  larger  sizes  but  the 
similar  density  of  As  precipitates  in  the  LTBL 
grown  with  As  2,  compared  to  those  in  the  LTBL 
grown  with  AS4,  may  be  explained  by  assuming 
that  the  evolution  process  of  As  precipitates  in 
these  two  samples  had  already  entered  the  coar¬ 
sening  stage  due  to  the  relatively  long  period  of 
annealing;  nearly  all  excess  As  was  already  incor¬ 
porated  in  precipitates  in  these  two  LTBLs.  This 
assumption  may  explain  the  high  quality  of  the 


GaAs  matrix  in  these  LTBLs  [8].  In  order  to 
confirm  these  explanations,  however,  one  needs  to 
carry  out  further  systematic  study  on  the  precipi¬ 
tation  process  of  As  in  LTBLs. 

In  summary,  we  report  the  growth  of  GaAs 
LTBLs  by  MBE  using  the  dimer  arsenic  source 
As2.  We  have  observed  the  formation  of  arsenic 
precipitates  in  these  LTBLs.  TEM  analysis  of  the 
LTBLs  indicates  an  average  As  precipitate  diame¬ 
ter  of  100  A  and  a  density  in  the  range  of  lO'^ 
cm“^  for  the  growth  conditions  used  (beam  equiv¬ 
alent  pressure  of  As2  to  Ga  of  22,  a  substrate 
temperature  thermocouple  reading  of  250  °  C.  and 
followed  by  a  one  hour  anneal  at  a  temperature  of 
600  °C  in  the  As  2  flux).  We  have  also  found  that 
the  incorporation  of  As  in  LTBLs  is  much  more 
efficient  when  Asj  is  used  rather  than  AS4  during 
molecular  beam  epitaxy. 

The  work  at  Purdue  University  was  partially 
funded  by  the  Office  of  Naval  Research  under 
grant  No.  N(XX)14-89-J-1864.  M.R.  Melloch  would 
like  to  thank  Dr.  George  N.  Maracas  of  Arizona 
State  University  for  preprints  of  LTBL  work  per¬ 
formed  at  ASU. 
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MBE  GaAs  buffer  layers  grown  at  low  substrate  temperatures  (200-300  "C)  have  been  shown  to  significantly  reduce  backgating 
and  sidegating  in  GaAs  integrated  circuits.  The  isolation  provided  by  these  buffers  is  attributed  to  a  high  level  of  compensating  traps 
in  the  layers  induced  by  excess  arsenic  and  arsenic  antisite  defects.  Structures  were  grown  by  both  gas  source  and  solid  source  MBE 
in  a  VG  Semicon  V80H  dual  chamber  system.  The  structures  allow  us  to  study  characteristics  of  the  LTB  itself  as  well  as  the  quality 
of  active  layers  grown  upon  these  buffer  layers.  The  insulating  characteristics  of  the  gas  and  solid  source  LTBs  are  comparable. 
However,  in  contrast  to  control  layers  grown  on  semi-insulating  GaAs,  we  observe  considerably  higher  trap  concentrations  in  FET 
active  layers  grown  on  LTBs.  Deep  level  transient  spectroscopy  (DLTS)  measurements  show  several  resolvable  electron  and  hole 
traps,  plus  a  band  of  shallow  hole  traps.  Due  to  the  differences  in  growth  kinetics  for  gas  and  solid  source  growth  such  a  close 
similarity  was  not  expected.  The  resistivity  of  the  LTBs  and  the  traps  incorporated  into  the  active  layers  appear  to  be  similar  for  solid 
source  (As«)  and  gas  source  (Asj)  growth.  Furthermore,  the  characteristics  of  proximity  annealed  layers  continue  to  change  for 
varied  length  low  temperature  anneals.  This  indicates  that  the  excess  arsenic  continues  to  diffuse  into  the  active  device  layers 
degrading  device  stability. 


1.  Intitxhictioii 

Recently,  Smith  et  al.  [1]  have  demonstrated  a 
dramatic  backgating  and  sidegating  reduction  in 
GaAs  MESFETs  by  employing  a  buffer  grown  at 
very  low  temperatures  (200-300  "C)  by  MBE.  The 
large  reduction  in  backgating  and  sidegating  is 
primarily  due  to  a  large  increase  in  the  trap  filled 
limited  voltage  for  the  low  temperature 

buffers  (LTB),  which  results  from  a  high  con¬ 
centration  of  deep  levels  in  this  material.  The 
nature  of  low  temperature  buffers  grown  by  solid 
source  MBE  has  been  the  subject  of  much  re¬ 
search,  however.  LTBs  grown  by  gas  source  MBE 
(GSMBE)  have  not  been  previously  reported.  Since 
the  growth  kinetics  for  GSMBE  (Asj)  are  differ¬ 
ent  from  conventional  solid  source  MBE  (AS4),  it 
is  important  to  determine  whether  GSMBE  LTBs 
have  properties  similar  to  those  grown  by  solid 
source  and  if  so,  to  determine  an  acceptable  range 
of  growth  parameters  (substrate  temperature, 
As/Ga  ratio).  Furthermore,  the  stability  and  the 
quality  of  epitaxial  layers  grown  upon  LTBs  must 
be  studied  in  order  to  more  completely  evaluate 


the  effectiveness  of  LTBs  for  device  applications. 
Lin  et  al.  [2]  have  reported  reductions  in  backgat¬ 
ing  and  sidegating  in  HEMTs  grown  on  LTBs. 
However,  they  also  reported  transient  behavior 
which  they  attribute  to  gallium  vacancies  which 
diffuse  from  the  LTB  into  the  top  epitaxial  layer. 
In  this  paper  we  review  the  present  understanding 
of  LTBs,  and  then  present  our  experimental  re¬ 
sults  on  bulk  properties  of  LTBs  as  well  as  layers 
grown  upon  LTBs.  We  then  comment  on  gas  and 
solid  source  LTBs  based  upon  the  implications  of 
our  studies. 


2.  Background 

Low  temperature  buffers  may  provide  an  effec¬ 
tive  way  of  increasing  the  isolation  between  de¬ 
vices  for  MESFET  or  HEMT  based  integrated 
circuits.  As  grown,  these  samples  contain  up  to  1% 
excess  arsenic  which  forms  Asq,  antisites.  As  in¬ 
terstitials  and  various  complexes  [3],  These  “as- 
grown”  layers  exhibit  large  conductivities  due  to 
hopping  between  a  large  numbers  of  defect  sites. 
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with  concentrations  approaching  2x10'“^  cm 
Annealing  “as-grown”  layers  approximately  10 
min  at  600  °C  converts  them  to  highly  insulating 
material  (10*  12  cm).  During  the  annealing  pro¬ 
cess,  the  excess  As  in  the  LTB  material  "self¬ 
getters”  and  forms  hexagonal  arsenic  precipitates 
20-100  A  in  size  and  in  concentrations  of  ap¬ 
proximately  1  X  lO’^cm”'  [4],  However,  the  pre¬ 
cipitate  density  is  a  strong  function  of  growth 
temperature,  anneal  time,  and  anneal  temperature 
[5],  Concurrent  with  the  formation  of  As  precipi¬ 
tates  is  a  reduction  in  the  defect  density  in  the 
material.  At  present,  there  are  two  proposed  theo¬ 
ries  as  to  how  conduction  occurs  in  these  layers. 
Look  et  al.  [6]  have  proftosed  that  the  conduction 
in  unannealed  layers  is  due  to  variable  range  hop¬ 
ping  (VRH)  within  a  band  of  deep  levels,  at  low 
temperatures,  and  nearest  neighbor  hopping 
(NNH)  through  the  same  impurity  band  at  higher 
temperatures,  li;  the  VRH  regime  the  conductivity 
follows  the  form  (71 

ln(o)a7■^  (I) 

with  V  =  0.25.  On  the  other  hand.  Warren  et  al.  [4] 
believe  that  the  high  resistivity  of  the  material  is 
due  to  local  depletion  around  the  As  precipitates 
( =  0.8  eV).  By  this  view,  the  high  density  of 
As  precipitates  results  in  a  system  of  overlapping 
depletion  regions.  Conductivity  then  occurs  by 
hopping  between  pockets  of  undepleted  material. 
This  view  also  predicts  the  v  =  0,25  VRH  behavior 
which  has  been  reported. 


3.  Experimental 

Table  1  summarizes  the  sample  material  pa¬ 
rameters.  The  LTBs  were  grown  on  standard  un¬ 
doped  semi-insulating  (SI)  GaAs  3  inch  substrates 
in  a  VG  Semicon  V80H  dual  chamber  MBE  sy,s- 
tem.  Samples  A  and  E  were  grown  utilizing  ele¬ 
mental  Ga  and  As  sources  while  samples  B,  C  and 
F  were  grown  by  GSM  BE  utilizing  solid  Ga  and 
cracked  arsine  (AsHj).  Samples  D  and  G  were 
standard  buffer  layers,  grown  at  normal  growth 
temperatures  and  were  used  for  purposes  of  com¬ 
parison.  Samples  A,  B,  C  and  D  were  used  for 
conductivity  and  photoluminescence  (PL)  mea¬ 


surements.  Samples  E,  F  and  G  were  grown  with  a 
«  =  1  X  10'^  cm  '  Si  doped  FET  channel  on  top 
of  the  LTB,  for  evaluation  of  epitaxial  layer  qual¬ 
ity.  Deep  level  transient  spectroscopy  (DLTS)  and 
photoluminescence  (PL)  measurements  were  per¬ 
formed  on  these  layers. 

For  the  conductivity  measurements,  parallel, 
high  aspect  ratio  (1  mm  X  20  |am  with  40  fim 
separation)  patterns  with  alloyed  AuGe/Ni  ohmic 
contacts  were  fabricated.  DLTS  measurements  on 
the  doped  layers  were  made  on  Al  Schottky  diodes 
having  AuGe/Ni  guard  rings. 

The  conductivity  and  PL  measurements  were 
performed  in  a  Janis  immersion  cryostat  with  1.4- 
300  K  capabilities.  Both  measurements  are  com¬ 
pletely  automated  utilizing  LabView  and  a  Mac  II 
computer.  The  DLTS  measurements  are  also  com¬ 
puter  automated  with  transient  signals  being  digit¬ 
ally  recorded  for  subsequent  analysis.  The  light 
source  used  for  the  optical  DLTS  was  a  GaAs 
light  emitting  diode. 

4.  Results 

The  conductivity  versus  temperature  measure¬ 
ments  indicate  that  the  LTBs  grown  by  gas  source 
(Asj )  and  solid  source  (AS4)  MBE  are  very  similar 
in  nature.  This  is  interesting  in  view  of  the  dif¬ 
ferences  in  the  growth  kinetics  for  As,  and  AS4. 
especially  since  gcxx!  quality,  high  mobility.  MBE 
GaAs  has  been  grown  at  as  low  as  430  °C  using 
an  As,  source  (8],  However.  Foxon  and  Joyce  (9) 
have  shown  that  below  330  °C  Asj  undergoes  an 
association  reaction  on  the  GaAs  surface  forming 
AS4  and  thus,  by  this  mechanism,  the  growth 
characteristics  for  As,  and  AS4  may  be  very  simi¬ 
lar  for  low  substrate  temperatures. 

Fig.  1  shows  dark  conductivity  versus  tempera¬ 
ture  for  three  of  the  samples  under  study  and  a 
commercial  undoped  semi-insulating  substrate. 
The  conductivity  of  the  650  fim  thick  substrate 
was  calculated  a.ssuming  an  LTB  thickness  of  2.0 
Mm.  In  this  way  the  intersection  of  the  SI  sub¬ 
strate  conductivity  curve  and  the  LTB  conductiv¬ 
ity  curves  indicates  that  around  230  K.  substrate 
conduction  dominates.  As  further  evidence  that 
the  substrate  is  dominating  the  conduction  at  high 
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I'enipcrature  (K) 

Fig.  1.  Conductivity  versus  temperature  for  samples  A.  B  and 
C  compared  with  an  undoped  liquid  encapsulated  Czochralski 
( LEO  semi'insulating  substrate.  Substrate  conduction  domina- 
tes  above  230  K  as  seen  by  the  thermal  activation  of  EL2. 

temperatures,  we  observed  room  temperature  mo¬ 
bilities  in  the  range  of  4000-6000  cm’/V  •  s  and 
conductivity  which  is  thermally  activated  with 
=  0.7-0.78  eV  (above  250  K)  which  corresponds 
to  the  EL2  trap  activation  energy.  In  this  region, 
the  conductivity  normal  to  the  thin  LTB  dominates 
and  substrate  conduction  occurs  through  the 
buffer.  However,  our  measurements  do  not  ex¬ 
clude  the  possibility  of  activated  nearest  neighbor 
hopping  in  the  buffer  as  reported  by  Look  et  al. 
[6].  For  these  samples  we  simply  would  not  ob¬ 
serve  this  behavior  due  to  the  relatively  high  con¬ 
ductivity  of  the  semi-insulating  substrate.  The 
mechanism  of  conduction  below  50  K  is  not  well 
understood  and  is  highly  sample  dependent. 


Clearly,  in  the  range  of  about  50-200  K,  con¬ 
duction  is  occurring  primarily  in  the  epitaxial  LTB 
layers.  The  conductivity  of  the  layers  grown  by  gas 
source  is  higher  than  that  of  the  solid  source  layer 
(A).  Sample  A.  however,  was  much  thinner  (0.8 
nm)  than  the  other  layers  and  interface  depletion 
may  be  contributing  to  the  higher  observed  resis¬ 
tivity.  It  should  be  noted  that  determination  of 
conductivity  by  this  method  (using  parallel  ohmic 
contacts  with  L/IT»  1)  is  not  exact.  However, 
for  thin  layers  ( -  2  /xm)  it  is  not  possible  to  use  a 
Van  der  Pauw  geometry  with  L/W=  1.  For  ex¬ 
ample,  even  for  the  most  conductive  layer  (C).  the 
resistivity  at  200  K  is  approximately  1  x  10^  ii 
cm.  For  a  square  sample  with  a  2  /im  thick  layer 
this  corresponds  to  a  net  resistance  of  5  x  10"'  i2 
with  resistance  increasing  to  5  X  lO”  at  50  K. 
Our  Hall  effect  system  cannot  accurately  measure 
samples  if  the  resistance  exceeds  1  X  10'"  12. 

We  chose  to  study  thin  (2  jtim)  layers  since  it 
has  been  reported  that  at  greater  than  1-2  gm  the 
material  can  become  polycrystalline  [10].  In  ad¬ 
dition.  since  typical  LTBs  used  in  FET  devices  are 
0.5-2.0  jim  thick,  they  are  of  practical  interest. 
This  is  also  important  since  it  is  likely  that  a  thick 
annealed  layer  would  be  extremely  nonuniform 
due  to  As  out-diffusion. 

Fig.  2  shows  ln(a)  plotted  versus  r”'  *'  for  the 
same  data.  The  plots  are  all  linear,  however,  they 
are  also  reasonably  linear  in  T'"  for  v  <  0.25  [11]. 
We  acquired  a  large  number  of  samples  ( =  500 
points  pter  curve)  and  were  able  to  perform  a 
chi-squared  minimization  to  obtain  the  best  fit  for 
various  values  of  >>.  We  found  that  the  best  fit  is 
consistently  obtained  for  v  <  0.25.  For  sample  A. 


Table  1 

Growih  and  anneal  paramciers  for  sampleN  used  in  this  study 


Sample 

As 

species 

Growth 

temperature 

(‘’O 

As/Oa 

ratio 

Anneal 

temperature 

rc) 

Anneal 

lime 

(min) 

Doped 

layer  ihickne.ss 
(fim) 

A 

A!i< 

245 

20 

600 

10 

- 

B 

A.s, 

245 

35 

600 

5 

- 

C 

A,Sj 

310 

52 

600 

10 

- 

D 

As^ 

580 

8 

- 

- 

- 

E 

As, 

245 

20 

600 

10 

0.2 

F 

As  2 

245 

35 

600 

10 

0.3 

Cl 

As, 

580 

12 

- 

- 

1.0 
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T--0.25 

Fig.  2.  Conductivity  versus  T'  for  samples  A,  B  and  C.  The 
linearity  indicates  hopping  conduction.  The  best  fits  are  ob¬ 
tained  for  an  exponent  o{  v  <  0.25  which  indicates  that  a 
modified  form  of  variable  range  hopping  conduction  is  occur¬ 
ring. 


p  =  0.1,  and  for  sample  B,  »>  =  0.18.  This  indicates 
that  a  modified  form  of  Mott’s  variable 

range  hopping  could  be  dominating  in  these  sam¬ 
ples.  Effects  such  as  strong  electron -phonon  cou¬ 
pling  or  a  rapidly  varying  density  of  states  func¬ 
tion  could  cause  a  lower  exponent,  such  as  we 
observe  [12-14], 

For  the  high  As/Ga  GSMBE  sample  (C).  the 
data  are  not  linear  over  a  broad  enough  range  to 
generate  a  good  fit.  This  sample  was  grown  at  a 
higher  substrate  temperature  and  a  higher  As/Ga 
ratio  than  is  normally  employed.  Therefore,  both 
the  concentration  of  As  precipitates  and  native 
defects  is  expected  to  be  higher.  TTie  higher  con¬ 
ductivity  for  this  samples  supports  this  conclusion. 
Therefore,  conduction  may  be  occurring  in  this 
sample  by  a  variety  of  mechanisms  accounting  for 
the  deviation  from  simple  behavior.  This  sample 
suggests  that  there  is  a  limited  range  of  growth 
conditions  in  which  high  resistivity  LTBs  can  be 
grown  by  GSMBE.  Our  preliminary  results  indi¬ 
cate  that  the  parameter  range  for  growth  by 
GSMBE  is  smaller  than  for  solid  source  MBE. 

Fig.  3  is  a  comparison  of  4  K  photolumines¬ 
cence  spectra  of  GaAs  grown  at  low  temperatures 
with  As4  and  As  2  and  an  unintentionally  doped 
buffer  layer  grown  at  580  °C.  In  both  types  of  low 


temperature  buffer  material,  no  excitons  or  accep¬ 
tor-band  carbon  transitions  are  observed.  The  in¬ 
tensity  of  the  carbon  transitions  is  a  factor  of 
approximately  20  less  in  the  low  temperature 
buffers  than  in  the  standard  buffer  and  the  ex- 
citonic  transitions  are  an  additional  factor  of  10 
stronger  than  the  carbon  transitions  in  the  stan¬ 
dard  buffer.  Clearly  the  LTBs  are  extremely  opti¬ 
cally  inefficient  and  do  not  supp>ort  the  formation 
of  excitons.  However  the  most  striking  result  is 
that  the  data  indicates  that  AS4  and  AS2  grown 
buffers  are  also  nearly  identical  in  their  optical 
characteristics. 

Figs.  4  and  5  show  optical  (top  curves)  and 
electrical  (bottom  curves)  DLTS  scans  for  solid 
source  (sample  E)  and  gas  source  (sample  F)  epi¬ 
taxial  layers  grown  on  LTBs.  Positive  peaks  indi¬ 
cate  hole  traps  while  negative  peaks  indicate  elec¬ 
tron  traps.  A  reverse  bias  of  —  0.75  V  was  used  to 
detect  traps  near  the  middle  of  the  active  region. 
In  both  layers  there  is  an  electron  trap  at  190  K. 
with  an  activation  energy  of  0.28  eV  and  a  capture 
cross  section  (CCS)  of  approximately  5xl0~'^ 
cm^.  At  260  K  there  is  an  electron  trap  with  an 
activation  energy  of  0.45  eV  and  a  CCS  of  1 .5  x 
10  cm^  and  at  350  K  there  is  another  electron 


Fig.  3,  4,2.  K  photoluminescence  spectra  of  low  temperature 
GaAs  buffers  grown  by  solid  (A)  and  gas  source  (B)  MBE 
compared  to  an  standard  unintentionally  doped  buffer  (O).  No 
excitons  or  acceptor-band  carbon  transitions  are  observed  in 
the  low  temperature  buffers.  (The  intensity  of  sample  D  is 
divided  by  100  and  the  curves  are  offset  for  clarity.) 
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Temperature  (K) 

Fig.  4.  Optical  (top  curve)  and  electrical  (bottom  curve)  DLTS 
spectra  of  an  FET  channel  grown  by  MBE  on  a  LTB  (sample 
E). 

level  with  an  activation  energy  of  0.53  eV  and  a 
CCS  of  2  X  10''*  cm^.  Both  samples  contain  hole 
traps  with  activation  energies  of  0.38  and  0.52  eV 
which  appear  in  the  spectra  at  236  and  320  K. 
respectively.  The  trap  concentrations  are  below 
lO'*  cm'  ’.  In  addition,  both  layers  have  a  band  of 
unresolvable  hole  levels  between  110  and  220  K. 
From  these  data  we  can  easily  see  that  the  epi¬ 
taxial  layers  grown  on  top  of  these  LTBs  are  quite 
similar  in  their  electrical  characteristics.  Perhaps 


Fig.  5.  Optical  (top  curve)  and  electrical  (bottom  curve)  DLTS 
spectra  of  an  FET  channel  grown  by  GSMBE  on  a  LTB 
(sample  F). 


Fig.  6.  Optical  DLTS  spectra  of  GSMBE  FET  active  region 
(sample  F)  at  various  anneal  times. 

the  most  striking  information  though  is  that 
without  the  incorporation  of  the  LTB,  the  control 
samples  exhibited  none  of  these  electron  or  hole 
levels  in  detectable  quantities.  The  limit  of  our 
detection  level  for  this  range  of  doping  is  ap¬ 
proximately  2x10'^  cm"’.  Therefore,  it  is  seen 
that  the  out-diffusion  of  As  from  the  As-rich  LTB 
seriously  degrades  the  quality  of  the  subsequently 
grown  epitaxial  layers. 

The  stability  of  the  same  epitaxial  layers  was 
studied  for  various  proximity  anneal  times.  Figs.  6 


Temperature  (K) 

Fig.  7.  Electrical  DLTS  spectra  of  GSMBE  FET  active  region 
(sample  F)  at  various  anneal  times. 
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and  7  show  optical  and  electrical  DLTS  data  on 
these  layers  respectively.  A  bias  of  —  2  V  was  used 
to  profile  closer  to  the  active/ buffer  interface. 
The  reverse  bias  leakage  currents  remained  con¬ 
stant  in  the  low  nA  range  for  all  samples.  Hall 
effect  and  capacitance-voltage  measurements 
show  no  appreciable  change  in  the  carrier  con¬ 
centration  of  the  epitaxial  layers.  Samples  were 
annealed  for  1  and  24  h  at  400  °C  in  a  nitrogen 
ambient  and  referenced  to  an  unannealed  sample. 
The  distribution  of  trap  levels  is  significantly  al¬ 
tered  by  the  annealing.  The  electrical  DLTS  shows 
an  initial  decrease  in  two  of  the  levels  and  a  slight 
increase  in  the  highest  temperature  level  after  1  h. 
After  24  h  all  of  the  electron  traps  increase  in 
concentration  and  an  entirely  new  level  emerges  at 
240  K.  The  optical  DLTS  shows  a  steady  decrease 
in  the  320  K  hole  trap  concentration  and  an  initial 
decrease  in  the  band  of  hole  levels  followed  by  an 
increase  at  24  h.  This  shows  that  even  during 
moderate  temperature  annealing  the  material 
properties  of  the  epitaxial  layers  are  changing.  The 
trend  is  that  the  hole  trap  concentration  decreases 
while  the  electron  trap  concentration  increases 
with  anneal  time. 

Fig.  8  shows  1.6  K  PL  spectra  on  the  epitaxial 
layers  used  for  the  DLTS  measurements  above. 
The  excitation  and  detection  conditions  were  kept 
constant  throughout  the  set  of  measurements.  The 


Energy  (eV) 

Fig.  8.  1.6  K  photoluminescence  for  the  same  samples  as 
studied  with  DLTS.  Note  the  steady  degradation  in  optical 
efficiency. 


spectra  show  a  degradation  in  optical  efficiency 
versus  anneal  time.  Differences  in  surface  recom¬ 
bination  velocity  among  the  samples  are  not  large 
enough  to  account  for  the  changes  observed.  Thus 
we  conclude  that  the  degradation  is  due  to  the 
increase  in  nonradiative  centers  seen  by  DLTS. 

S.  Conclusions 

GaAs  LTBs  have  been  grown  by  both  gas  and 
solid  source  MBE  and  it  is  found  that  the  insulat¬ 
ing  characteristics  of  the  buffers  are  very  similar. 
The  low  temperature  conduction  properties  indi¬ 
cate  that  the  exponent  in  the  temperature  depen¬ 
dence  of  ln(o)  is  less  than  0.25  for  both  LTBs, 
which  indicates  that  a  modified  form  of  the  VRH 
mechanism  proposed  by  Mott  is  dominating  con¬ 
duction  in  the  buffer  material.  It  is  suggested  that 
hopping  is  occurring  between  conduction  band 
electrons  separated  by  depletion  regions  formed 
by  the  arsenic  precipitates  in  the  material.  We 
have  also  observed  that  the  photoluminescence 
properties  of  both  types  of  LTB  are  nearly  identi¬ 
cal. 

The  presence  of  deep  levels  in  FET  channels 
grown  on  LTBs  has  been  detected.  The  type  and 
concentrations  of  deep  levels  observed  by  DLTS 
are  similar  for  both  types  of  buffer.  However,  in 
layers  grown  on  a  standard  high  temperature  un¬ 
doped  buffer  none  of  these  trap  levels  are  ob¬ 
served.  After  variable  time  proximity  anneals  we 
found  that  the  hole  trap  concentrations  decreased 
while  the  electron  trap  concentrations  increased 
with  anneal  time. 
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in  the  GaAs/Al^Gai_^As  system 
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A  device  exhibiting  the  characteristics  of  two  anti-parallel  Schottky  diodes  would  allow  the  fabrication  of  a  planar  balanced  mixer 
for  millimetre  wave  communications.  A  suitable  GaAs/Al,Ga|  _ ,  As  isotype  heterostructure  containing  a  highly  symmetric 
triangular  barrier  of  controlled  height  and  width  in  the  conduction  band  is  described.  Symmetric  compositionally  graded  triangular 
barriers  and  quantum  wells  have  been  grown  with  barrier  widths  between  160  to  4000  A  using  conventional  solid  source  molecular 
beam  epitaxy  (MBE).  by  the  continuous  liner  ramping  of  aluminium  mole  fraction  from  .x  =  0  to  tl  e  order  of  x  =  0.3,  Current  versus 
voltage  (/-I  )  characteristics  have  been  measured  over  a  range  of  temperatures  and  correlated  with  theoretical  predictions. 
Triangular  quantum  well  structures  were  also  grown  in  the  range  of  widths  from  50  to  500  A  and  have  been  studied  by 
photoreflectance  (PR)  and  differential  photoreflectance  (DR)  techniques.  Both  types  of  device  exhibit  excellent  symmetry  and  short, 
steep  compositional  profiles  have  been  confirmed  by  direct  secondary  ion  mass  spectrometry  (SIMS)  and  transmission  electron 
microscopy  (TEM)  analysis  on  representative  samples. 


1.  introduction 

A  pair  of  Schottky  diodes,  arranged  in  an  anti¬ 
parallel  configuration,  can  be  used  as  a  mixing 
element  for  mm- wave  frequency  conversion.  Such 
an  arrangement  forms  the  basis  of  a  conventional 
,sub-harmonically  pumped  mixer  in  which  the  lo¬ 
cal  oscillator  frequency  is  set  just  below  half  the 
frequency  of  the  incoming  signal.  This  allows  a 
low  frequency  oscillator  to  be  used  which  has 
many  advantages.  The  diode  pair  conducts  for 
periods  of  both  half  cycles  of  the  signal,  producing 
a  conductance  waveform  of  twice  the  excitation 
frequency  [2,3].  Two  difficulties  associated  with 
this  conventional  arrangement  are  the  need  to 
match  preci.sely  the  characteristics  of  the  two  di¬ 
odes  to  ensure  waveform  symmetry,  and  to  fabri¬ 
cate  high  quality  Schottky  contacts  with  low  noise 
and  minimal  leakage.  The  physical  construction  of 


such  a  balanced  mixer  is  also  difficult  with  dis¬ 
crete  diodes.  Schneider  [4]  and  Allyn  et  al.  [5] 
suggested  that  an  analogous  structure  could  be 
produced  which  incorporated  a  single,  symmetri¬ 
cal  barrier  to  majority  carriers.  This  device  would 
combine  electrical  characteristics  suitable  for  pure 
sub-harmonic  mixing  with  the  benefits  of  a  buried 
structure.  Only  ohmic  contacts  are  required  to 
produce  a  device,  thereby  eliminating  all  of  the 
problems  involved  with  Schottky  contacts  to 
GaAs. 

The  barrier  is  formed  by  symmetric  triangular 
grading  of  the  aluminium  concentration  in 
aluminium  gallium  arsenide  to  produce  a  triangu¬ 
lar  intrusion  of  forbidden  states  in  the  conduction 
band.  The  linear  variation  in  band-gap  offset  with 
aluminium  mole  fraction,  allows  the  required  pro¬ 
file  to  be  engineered  by  a  relatively  simple  al¬ 
gorithm.  A  smooth  compositional  variation  in  mole 
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Fig.  1.  Schematic  hand-gap  structure  for  a  graded  barrier  (a) 
and  a  graded  quantum  well  (h). 


fraction  is  preferable  to  a  variable  period  super¬ 
lattice  structure  due  to  the  expected  enhanced  of 
electron  scattering  at  to  multiple  interfaces  (10). 

To  examine  the  efficacy  of  the  grading  control 
by  optical  techniques,  symmetrical  graded  triangu¬ 
lar  wells  were  grown  by  inverting  the  above  struc¬ 
ture.  Fig.  1  shows  schematically  the  band-gap 
structure  for  a  graded  barrier  and  quantum  well. 


2.  Growth  of  samples 

The  samples  analysed  in  this  work  were  grown 
in  a  VG  Semicon  V80H  MBE  system.  The  method 
of  substrate  preparation  and  growth  are  standard 
and  will  not  be  prc.sented  here.  Alloy  changes  were 
effected  by  precise  control  of  the  aluminium  source 
temperature,  in  contrast  with  previously  reported 
attempts  to  grow  well-defined  graded  structures 
hv  MBE  [5  9], 

The  growth  of  very  narrow,  symmetric.  linearly 
graded  structures  requires  that  the  Knudsen  cell 
temperature  be  ramped  at  a  rate  which  maintains 
near-equilibrium  conditions.  This  is  particularly 
important  in  the  region  of  temperature  reversal,  at 
the  barrier  peak  or  well  bottom,  where  skewing  of 
the  contour  will  have  the  most  significant  effect. 


By  studying  the  relationship  between  beam  flux 
arrival  rates  with  temperature,  growth  rate,  cell 
transient  response  and  alloy  composition,  an  al¬ 
gorithm  was  readily  constructed  to  facilitate  the 
growth  of  arbitrary  profiles.  A  familiar  feature  of 
the  GaAs/AlAs  system  is  the  very  .small  lattice 
mismatch  between  the  extremes  of  alloy  composi¬ 
tion  allowing  it  to  be  varied  without  introducing 
strain.  Equally  attractive  for  the  present  purpose 
is  the  almost  linear  variation  in  the  band-gap  with 
increasing  aluminium  mole  fraction  up  to  the  T-X 
crossover  at  approximately  40%.  This  makes  the 
formulation  of  a  suitable  algorithm  reasonably 
straightforward  in  this  alloy  system,  although  an 
understanding  of  the  kinetics  of  the  particular 
machine  and  a  detailed  characterisation  of  the 
source  as  a  function  of  temperature  changes  and 
the  amount  of  material  pre.sent  in  the  crucible  are 
es.sential.  The  algorithm  calculates  the  aluminium 
flux  required  for  the  evolution  of  the  desired  grad¬ 
ing  profile,  setting  the  .source  temperature  in  real 
time  by  reference  to  measured  flux/temperature 
calibration  data. 

3.  Modelling 

In  order  to  form  a  basis  for  determining  the 
performance  of  the  grown  structures,  the  electrical 
characteristics  of  the  graded  barrier  diode  and  the 
optical  response  of  graded  triangular  quantum 
wells  have  been  modelled.  The  electrical  response 
of  the  barriers  includes  contributions  from  both 
emission  and  tunnelling  currents.  The  calculation 
of  the  tunnelling  component  was  treated  by  the 
application  of  the  WKB  method  to  an  arbitrary 
barrier  shape,  through  a  piece-wi.se  approximation 
(11).  The  tunnelling  component  is  added  to  the 
emission  current  over  the  barrier  and  the  total 
current  calculated  as  a  function  of  applied  bias  at 
a  particular  temperature.  This  numerical  simula¬ 
tions  shows  excellent  agreement  with  the  exact 
calculation  which  solves  the  wave  equations  for 
the  specific  case  of  triangular  barriers.  The  model 
includes  the  variation  of  effective  mass  with 
aluminium  mole  fraction,  the  effect  of  dopants  in 
the  graded  region  and  the  position  of  the  Fermi 
level  outside  the  barrier.  A  typical  simulation  is 
shown  in  fig.  2. 
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Fig.  2.  Simulated  eurrent-vollage  characterislio  for  a  750  A 
barrier  versus  temperature.  The  simulation  temperatures  are 
from  top  to  htitiom  240.  195.  165.  140.  125.  110.  UX).  90 
and  77  K. 

The  quantum  levels  in  graded  symmetric  trian¬ 
gular  quantum  wells  have  not  been  studied  in 
great  detail  to  date.  Previously  reported  non-rect- 
angular  quantum  wells  [7-9]  have  either  been  half 
triangular  or  grown  with  an  effective  alloy  com¬ 
position  change,  achieved  through  a  variable 
period  superlattice,  so-called  digital  grading.  The 
e.xact  quantum  states  have  been  calculated  for  the 
symmetric  structures  by  an  appropriate  Airy  func¬ 
tion  approach  and.  as  expected,  are  found  to  be 
much  further  from  the  band  edge  than  in  a  similar 
width  square  well.  This  means  that  the  states 
should  be  more  readily  resolved  optically. 

4.  Physical  characterisation 

In  order  to  verify  the  structures  and  hence 
control  of  the  growth  parameters,  selected  .samples 
were  analyses  by  SIMS,  Auger  electron  spec¬ 
troscopy  and  sputtered  neutral  ma.ss  spectrometry. 
Fig.  3  .shows  the  SIMS  profile  of  a  40(1  A  triangu¬ 
lar  graded  barrier  which  exhibits  extremely  good 
.symmetry  without  any  evidence  of  skewing.  Fur¬ 
ther  confirmation  has  been  provided  by  TFM 


analysis.  By  viewing  a  cleaved  wedge  sample,  the 
compositional  variation  can  readily  be  observed 
through  the  different  atomic  densities  of  the  con¬ 
stituent  alloys.  The  electron  wave  interference 
fringes  thus  produce  an  effective  alloy  composi¬ 
tion  profile,  as  shown  in  the  micrograph  of  a  200 
A  graded  barrier  (fig.  4).  These  profiles  clearly 
demonstrate  that  the  high  degree  of  symmetry 
required  for  sub-harmonically  pumped  mixer  de¬ 
vices  can  be  achieved  by  conventional  solid  source 
MBE. 


5.  Optical  characterisation  of  graded  quantum  wells 

Graded  triangular  quantum  wells  were  grown 
and  the  quantum  energy  levels  determined  by  PR. 
DR  and  photoluminescence.  Fig.  5  shows  a  typical 
PR/DR  result  from  triangular  well  of  nominal 
125  A  width.  The  aluminium  mole  fraction  is  0.36. 
The  quantum  states  for  the  ei-hh,  and  the  ei-hh. 
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Fig.  4.  TEM  micrograph  of  a  200  A  graded  barrier. 


(electron  to  heavy  hole)  transitions  are  clearly 
visible  and  correspond  to  the  predicted  energy 
levels.  The  DR  trace  also  provides  an  indication  of 


ENERGY  <eV) 

Fig.  5.  PR  and  DR  spectra  for  sample  No.  220,  a  125  A  graded 
quantum  well.  T  =  300  K.  ( - )  PR;  ( - )  DR. 


the  Ci-lh]  (electron  to  light  hole)  transition.  We 
believe  this  to  be  the  first  time  a  symmetrical 
continuously  graded  triangular  quantum  well  has 
been  grown  and  characterised.  While  the  optical 
transitions  are  clearly  resolved  in  this  sample, 
many  others  showed  degraded  optical  perfor¬ 
mance  arising  from  the  very  low  growth  rates  and 
the  concomitant  increase  in  impurity  incorpora¬ 
tion. 


6.  Electrical  characterisation  of  graded  barrier 
structures 

A  number  of  graded  barrier  structures  have 
been  fabricated  and  their  electrical  device  char¬ 
acteristics  measured  at  a  range  of  temperatures. 
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Fig.  6.  Measured  /-F  characteristics  for  a  750  A  barrier  with  a 
contact  diameter  of  100  pm.  The  measurement  temperatures 
are  from  top  to  bottom  240,  195.  165,  140,  125,  110,  100,  90 
and  77  K. 

Fig.  6  shows  the  results  for  a  750  A  barrier  device 
measured  between  77  K  and  room  temperature. 
The  barrier  height  of  this  device  has  been  de¬ 
termined  to  be  230  meV.  This  is  in  accordance 
with  the  currently  accepted  theory  of  band  offsets 
in  the  GaAs/AlAs  system  and  in  contrast  to  the 
previously  published-results  for  a  similar  structure 
[11- 

Several  interesting  features  appear  in  the  mea¬ 
sured  characteristics.  At  low  temperatures,  the 
semi-logarithmic  /-K  curves  are  linear  and  closely 
parallel,  indicating  that  tunnelling  is  the  dominant 
means  of  current  conduction.  At  higher  tempera¬ 
tures  emission  current  becomes  dominant,  the  lines 
are  no  longer  parallel  and  a  uniform  ideality  fac¬ 
tor  is  approached.  The  presence  of  optically  filled 
traps  in  the  barrier  region  and  of  various  parasitic 
conductances  are  also  evident  in  many  samples. 
These  and  other  departures  from  the  idealised 
model  and  their  respective  contributions  to  device 
performance  will  form  the  basis  for  future  study. 

7.  Condusions 

The  theoretical  and  physical  characteristics  of 
highly  symmetrical  continuously  linearly  graded 


triangular  heterostructures  have  been  developed 
and  proven  in  the  GaAs/AlAs  system.  Algorith¬ 
mic  control  of  the  aluminium  source  temperature 
in  a  well-characterised  MBE  system  allows  the 
growth  of  compositionally  graded  Al^Ga,_;,As 
structures  to  required  profiles  with  a  high  degree 
of  precision.  In  particular,  symmetrical  triangular 
barriers  and  wells  with  heights/depths  up  to  300 
meV  and  widths  between  100  to  4000  A  can  be 
grown  with  slope  linearities  and  extrema  geome¬ 
tries  better  than  the  resolution  of  SIMS,  AES,  and 
TEM.  The  current-voltage  characteristics  of  bar¬ 
riers  show  the  general  features  predicted  by  an 
appropriate  simulation,  of  symmetry  and  nonlin¬ 
earity,  whUst  they  also  demonstrate  the  involve¬ 
ment  of  an  optically  fillable/thermally  emptiable 
trap  in  the  conduction  process. 
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We  report  MBE  growth  techniques  for  the  precise  control  of  composition  in  both  graded  and  uniform  composition  InGaAIAs 
alloys.  Flux  modulation  through  precise  control  of  the  effusion  cell  setpoint  temperatures,  including  corrections  for  thermal  transient 
effects,  is  used  to  achieve  graded  alloy  compositions  as  well  as  to  maintain  a  uniform  composition  in  the  presence  of  disturbances 
such  as  shutter  operations. 


1.  Introduction 

The  In,(Ga^Ali_,),,  ^As  alloy  system  pro- 
vides  an  excellent  platform  for  the  development  of 
advanced  computer  controlled  MBE  growth  tech- 
nique.s.  It  spans  the  same  bandgap  range  (0.75-1.5 
eV)  and  lattice- matches  to  the  same  substrate  (InP) 
as  In,  _  ,Ga,  ASj.P,  but  does  not  suffer  from  the 
difficulties  inherent  in  the  growth  of  phosphorus- 
containing  compounds.  This  advantage,  coupled 
with  the  large  conduction  band  offsets  (up  to  0.5 
eV)  available,  makes  InGaAIAs  an  ideal  candidate 
for  the  ultra-precise  techniques  of  bandgap  en¬ 
gineering  made  possible  by  solid-source  MBE. 

We  report  here  MBE  growth  techniques  for  the 
precise  control  of  constituent  mole  fraction  in 
both  graded  and  uniform  composition  InGaAIAs 
alloy.s.  Flux  modulation  through  ramping  of  the 
effusion  cell  setpoint  temperature  was  used  to 
achieve  graded  composition  alloys,  and  to  main¬ 
tain  constant  composition  in  the  presence  of  dis¬ 
turbances  in  the  cell  flux  due  to  shutter  operation. 
We  find  from  double-crystal  X-ray  diffraction 
studies  that  maintaining  the  lattice-matching  con¬ 
dition  through  a  graded  region  is  no  more  difficult 
than  achieving  the  initial  lattice  matching  condi¬ 
tions  for  the  two  ternary  constituents  of  the  graded 
quaternary  alloy.  Time-dependent  corrections  to 


the  setpoint  temperature  profile  are  then  used  to 
remove  transient  effects  resulting  from  finite  ther¬ 
mal  response  times  of  the  cells,  and  to  remove  flux 
overshoot  transients  resulting  from  shutter  oper¬ 
ation. 


2.  MBE  growth  procedure 

The  MBE  growths  were  performed  in  a  Riber 
2300  three-chamber  MBE  system,  from  purely 
solid  sources  in  Knudsen-type  effusion  cells.  The 
constituent  beams  of  In.  Ga,  Al.  and  Asj  were 
generated  from  sources  of  7N  In.  8N  Ga,  7N  Al, 
and  7N  As  slugs,  respectively.  Growths  typically 
were  performed  at  a  rate  of  0.6-0.8  /xm/h  under  a 
V/IIl  beam  equivalent  pressure  (BEP)  ratio  of 
15:1  at  a  substrate  temperature  varying  from  490 
to  520°C. 

Flux  vs.  temperature  relationships  for  each  of 
the  effu-sion  cells  were  derived  from  measured 
data  fit  by  least-squares  approximation  to  an 
Arrhenius  form: 

]of,  F^A/T+C.  (1) 

The  activation  energies  A  were  measured  periodi¬ 
cally  by  simultaneously  logging  the  beam  flux  and 
temperature  of  each  cell  while  slowly  ramping  its 
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setpoint  over  the  temperature  range  of  interest. 
Since  the  mole  fractions  of  In  in  In^  53Gao47AS 
Ino  52Alo4gAs  are  nearly  equal,  the  In  cell  temper¬ 
ature  is  maintained  constant  during  all  growths; 
this  has  the  effect  of  fixing  the  growth  rate.  Under 
these  conditions,  the  constants  C  for  Ga  and  A1 
are  determined  from  those  setpoint  temperatures 
which  yield  lattice-matched  In(,53Gao47As  or  Inosi 
A1o4hAs,  respectively;  these  values  are  determined 
from  X-ray  diffraction  measurements  on  a  daily 
basis.  Normalizing  the  Ga  and  A1  fluxes  to  their 
values  at  the  values  at  the  lattice-matching  value, 
their  F{  T )  relationships  can  be  written  as 

log  (2) 

where  TJ,  represents  the  activation  energy,  and  the 
"unity  flux  temperature"  7^  is  the  setpoint  tem¬ 
perature  for  lattice  matching. 

Compositional  grading  was  achieved  by  varying 
the  cell  temperatures  in  accordance  with  a  set¬ 
point  profile  determined  by  inverting  eq.  (2)  for 
the  desired  flux  profile  r ).  A  personal  computer 
was  u.sed  to  generate  a  piecewise  linear  approxi¬ 
mation  to  the  desired  setpoint  profile,  and  to 
communicate  with  digital  temperature  controllers 
which  governed  the  effusion  cells. 

The  computer  was  also  equipped  for  automatic 
shutter  operation,  and  for  logging  of  beam  fluxes 
using  the  in-situ  ion  gauge  on  the  growth  manipu¬ 
lator.  The  latter  capability  facilitates  the  measure¬ 
ment  of  the  temporal  response  of  a  cell's  beam 
flux  to  disturbances  in  the  cell's  operating  condi¬ 
tion.  Such  disturbances  would  include  changes  in 
setpoint  temperature  or  the  opening  or  closing  of 
the  cell  shutter. 


3.  Lattice  matching 

The  maintainance  of  lattice-matching  to  the 
InP  substrate  is  a  key  concern  in  the  growth  of 
ln,(Ga,Al,  ,),  ,A.s  alloys;  should  the  syn¬ 
chrony  of  the  flux  gradients  be  lost,  lattice  mis¬ 
match  may  occur,  resulting  in  undesired  variations 
in  material  parameters  and  even  misfit  disloca¬ 
tions  in  the  extreme  case.  We  examine  here  the 


effect  of  errors  in  the  two  cell  flux  parameters,  Tg 
and  7^.  on  the  maintainance  of  lattice-matching. 

The  lattice  mismatch  resulting  from  an  error  in 
cell  flux  can  be  shown  to  be  proportional  to  the 
absolute  error  (as  opposed  to  the  relative  error)  in 
flux  [1].  The  errors  in  cell  flux  resulting  from 
errors  in  the  cell  parameters  are  then  determined 
by  differentiating  eq.  (2).  For  Tg.  we  find 


AF-- 


ATg 


F  In 


F. 


whereas  for  7^  we  find 


AF  = 


T- 


To  maintain  a  lattice  mismatch  less  than  0.1^.  we 
then  find  from  these  expressions  that  the  relative 
error  in  must  be  maintained  less  than  0.2%. 
whereas  the  relative  error  in  Tg  need  only  be  kept 
less  than  10%. 

To  experimentally  verify  the  effects  of  errors  in 
7^  on  lattice  matching,  a  sequence  of  five  growths, 
each  0.74  /im  thick  and  linearly  graded  over  their 
entirety  from  In|,,2Al|,4xAs  to  ln|i2;3Ga,i47As. 
were  performed.  The  7^,  of  the  Ga  cell  used  in  this 
experiment  was  held  constant  over  the  five 
growths,  while  that  of  the  Al  cell  was  varied  in 
l°C  increments  between  each  growth,  for  a  total 
spread  of  4°C  around  the  lattice  matching  point. 
Double-crystal  X-ray  diffraction  scans  of  these 
five  layers  are  shown  in  fig.  1.  (Note  that  the  7J,  of 
the  Ga  cell  has  been  set  so  that  all  layers  are 
slightly  mismatched  from  the  InP  substrate;  this  is 
to  clearly  distinguish  the  epitaxial  and  substrate 
diffraction  peaks.)  The  full  width  at  half  maxi¬ 
mum  (FWHM)  of  the  epitaxial  peak  clearly  goes 
through  a  minimum  for  J7j,  =  0  for  the  Al  cell; 
the  value  of  24  arc  sec  for  the  FWHM  is  close  to 
the  theoretical  minimum  for  this  material  system 
at  this  thickne.ss  [?].  The  spread  in  the  diffraction 
peak  widths  for  d7^(Al)  #  0.  corresponding  to  the 
varying  lattice  constant  through  the  graded  layer, 
clearly  demonstrates  the  importance  of  accuracy 
in  determining  T^.  The  very  narrow  peak  for  AT^ 
=  0.  on  the  other  hand,  demonstrates  that  ex¬ 
tremely  tight  control  of  the  lattice  constant  is 
easily  maintained  throughout  a  grading  sequence 
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Fig.  I.  Double  crystal  X-ray  diffraction  scans  of  uniformly 
graded  In.iGa.  AI,  As  layers,  where  7^  of  A1  cell  is 

stepped  1®C  between  each  growth.  Note  that  InP  substrate 
peaks  (right)  have  been  aligned  for  purpose  of  comparison. 


provided  that  the  constituent  ternaries  are  closely 
lattice  matched  to  each  other.  The  observance  of 
Pendelldsung  fringes  in  the  diffraction  signal  for 
the  AT^  =  0  layer,  with  a  period  of  26  arc  sec  (in 
good  agreement  with  the  layer  thickness  of  0.74 
71m),  is  further  testament  to  the  high  crystalline 
quality  of  these  samples. 


4.  Time-dependent  flux  corrections 

Since  effusion  cells  have  a  finite  thermal  mass, 
their  beam  fluxes  will  not  be  able  to  respond 
instantaneously  to  changes  in  setpoint  tempera¬ 
ture.  The  resultant  time  lag  in  flux  with  respect  to 
setpoint  will  lead  to  over-  and  undershoot  errors 
in  grading  profiles  if  no  corrective  action  is  taken. 
We  seek  to  overcome  this  difficulty  by  applying 
linear  system  techniques  to  the  analysis  of  the 
response  of  an  effusion  cell  to  incremental  changes 
in  its  setpoint. 

Response  functions  for  each  of  the  effusion 
cells  can  be  determined  by  measuring  the  time-de¬ 


pendent  flux  emitted  by  the  cell  in  response  to  a 
step  change  in  its  setpoint  temperature.  Differenti¬ 
ating  this  flux  with  respect  to  time  yields  the  cell’s 
impulse  response;  we  choose  to  model  this  im¬ 
pulse  response  as  a  series  (typically,  one  or  two)  of 
complex  exponentials.  Taking  the  Laplace  trans¬ 
form  then  yields  a  system  function  of  the  form 

(3) 

/  ' 

To  simplify  the  analysis,  we  take  as  the  input  not 
the  setpoint  temperature,  but  instead  the  desired 
flux  profile,  and  as  output  the  actual  flux  profile. 
This  yields  a  system  with  unity  gain  in  the  steady 
state.  The  setpoint  temperature  profile  is  then 
determined  by  calculating  the  inverse  system  func¬ 
tion  //“'(i)  from  eq.  (3),  multiplying  it  by  the 
Laplace  transform  of  the  desired  flux  profile,  in¬ 
verse  transforming  to  find  the  deconvolved  pro¬ 
file.  and  then  calculating  the  setpoint  temperature 
sequence  corresponding  to  this  deconvolved  pro¬ 
file. 

Taking  /j(r)  as  the  desired  flux  profile,  and 
/j(/)  as  the  “effective”  flux  profile  obtained 
through  the  above  procedure,  we  find  that,  for  a 
system  function  characterized  by  a  single  time 
constant,  the  effective  flux  profile  contains  a  pro¬ 
portional  and  a  derivative  term  [3]: 

/,(/)  =  (/! (4) 

For  a  system  function  characterized  by  two  inde¬ 
pendent  transients  with  differing  time  constants, 
the  effective  flux  profile  contains  proportional, 
integral,  and  derivative  terms: 

/,(/)  =  (/I  +  5 £d/  e  j/j(r).  (5) 

where  a  is  a  weighted  average  of  the  two  time 
constants.  The  time  constants  and  coefficients  in 
eq.  (5)  are  determined  from  measurements  of  the 
response  of  a  cell  to  a  step  change  in  setpoint 
tempeniture.  an  example  of  which  is  shown  in  fig. 
2.  Here,  a  model  incorporating  two  time  constants 
is  fit  to  flux  data  measured  for  a  gallium  cell  (both 
model  and  measured  data  are  normalized  to  the 
change  in  steady-state  flux).  The  two-time-con- 
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Fig.  4.  Mea.sured  flux  profiles  from  Al  cell  without  (solid 
F.g,  2.  Comparison  of  measured  flux  step  response  and  model  corrections  for  shutter  transient, 

incorporating  two  exponential  time  constants. 


scant  mcxlel  fits  the  measured  data  within  4%  for 
times  after  the  step  greater  than  5  s,  and  within 
I*?  for  times  greater  than  25  s.  The  cell's  system 
response  is  now  obtained  simply  by  differentiating 
the  step  response. 

Fig,  3  compares  graded  flux  profiles  with  no 
correction  for  thermal  lag  times  in  the  cell  (profile 
"A”);  with  corrections  only  for  the  dominant, 
short  time  constant  transient  (profile  “B”);  and 
with  corrections  for  both  a  short  and  a  long  time 
constant  transient  (profile  “C"),  It  can  be  seen 


Fig.  3.  Compari.son  of  graded  flux  profiles  with  no  correction 
for  time  response  (A):  correction  for  one  exponential  time 
con-stant  (Bk  and  correction  for  two  exponential  time  constants 
(C). 


that  the  inclusion  of  only  the  short  time  constant 
in  fact  worsens  the  overshoot  at  the  end  of  the 
grading  profile,  whereas  inclusion  of  both  time 
constants  reduces  the  overshoot  to  less  than  1%. 

A  single  time  constant  system  function  does, 
however,  prove  adequate  in  the  removal  of  flux 
transients  due  to  shutter  operations.  The  opening 
of  a  cell  shutter  typically  leads  to  a  positive  flux 
transient  of  the  form; 

F{t)  =  F,,  +  SFe  • 

The  “shutter  time  constant”  is.  in  general,  not 
equal  to  either  of  the  time  constants  typically 
measured  in  the  cell’s  step  response,  and  usually 
lies  between  them.  For  a  single  time  constant,  we 
use  Eq.  (4)  to  find  for  the  form  of  the  “effective" 
flux  profile; 

/,(()  =  4u(t)  +  B(l  -e  '  ''). 

where  «(/)  is  the  unit  step  function.  This  ap¬ 
proach  is  qualitatively  similar  to  that  taken  by 
Chilton  et  al.  [4]. 

Fig.  4  shows  aluminium  flux  profiles,  measured 
after  shutter  openings,  with  and  without  correc¬ 
tions  for  the  transients.  In  the  uncorrected  case, 
the  maximum  overshoot  is  in  excess  of  20%,  while 
the  corrected  profile  is  within  1.1%  of  the  steady 
state  value  throughout  the  course  of  the  measure¬ 
ment. 
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5.  Conclusions 

In  summary,  the  growth  of  high-quality 
graded-composition  In^(Ga,.Al,_,.)i_^As  alloys 
on  InP  substrates  has  been  demonstrated. 
Graded-composition  alloys  spanning  the  entire 
quaternary  range  between  the  two  ternary  end¬ 
points  lno53Gao47As  and  In^j,  Al(,4*As  have  been 
grown.  The  dominant  factor  in  maintaining  lattice 
matching  while  grading  has  been  shown  to  be  the 
initial  establishment  of  lattice  matching  for  the 
constituent  ternaries:  layers  graded  through  their 
entirety  over  0.74  pm  have  been  measured  with 
X-ray  diffraction  full  widths  at  half  maximum  of 
24  arc  sec,  close  to  the  theoretical  minimum. 
Time-dependent  corrections  to  the  setpoint  tem¬ 
perature  profile  to  lake  into  account  finite  thermal 
response  times  of  the  cells  have  been  shown  to 
reduce  overshoot  effects  in  graded  flux  profiles 
and  flux  transients  due  to  shutter  operation  to  the 
1%  level. 
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This  paper  describes  composition  control  of  GaAsP  alloy  grown  by  molecular  beam  epitaxy.  The  relationship  between  the  growth 
condition  and  the  film  composition  is  explained  applying  a  precursor  state  growth  model  to  GaAsP  growth.  The  activation  energies 
and  the  parameters  appearing  in  the  relationship  are  determined  by  fitting  the  calculated  compositions  to  the  experimental  ones.  The 
effect  of  flux  intensities,  substrate  temperature  and  growth  rate  on  the  composition  is  discussed. 


1.  Introducrion 

Ternary  or  quarternary  lll-V  alloys  are  im¬ 
portant  for  optical  device  applications,  and  a  pre¬ 
cise  control  of  the  composition  is  required.  Com¬ 
position  control  of  alloys  with  mixed  group  V 
elements  is  one  of  the  important  issues  of  molecu¬ 
lar  beam  epitaxy  (MBE),  because  there  is  no  sim¬ 
ple  relationship  between  the  group  V  fluxes  and 
the  film  composition.  Matsushima  and  Gonda  [1] 
reported  that  the  phosphorus  composition  of 
GaAsP  is  a  function  of  substrate  temperature.  For 
GaAsSb  growth.  Chang  et  al.  [2]  found  that  the 
composition  is  controlled  by  Sb/Ga  flux  ratio 
when  the  Ilux  ratio  is  less  than  unity.  Foxon  et  al. 
[3]  pointed  out  that  the  As/Ga  flux  ratio  de¬ 
termines  the  film  composition  of  GaAsP  alloy  for 
a  constant  P  flux  intensity.  Woodbridge  et  al.  [4] 
also  reported  that  the  composition  is  a  function  of 
the  substrate  temperature.  However,  the  tempera¬ 
ture  dependence  of  the  composition  was  the  in¬ 
verse  of  that  reported  by  Matsushima  and  Gonda 
[1|.  Calculation  based  on  the  thermodynamic 
model  was  reported  by  Seki  and  Koukitu  (5); 
however,  the  calculated  results  on  GaAsP  have  not 
fully  explained  the  experimental  results. 

In  this  paper,  composition  control  of  GaAsP 
alloy  grown  by  MBE  is  described.  The  relation- 

*  Present  address:  Sendai  National  College  of  Technology. 

Kami-Ayashi,  Sendai.  Miyagi  989-.11.  Japan. 


ship  between  the  growth  condition  and  the  film 
composition  is  explained  applying  a  precursor  state 
growth  model  to  GaAsP  growth.  The  effect  of 
substrate  temperature  and  growth  rate  is  dis¬ 
cussed. 


2.  Growth  model 

The  growth  model  describes  the  MBE  growth 
of  material  /  with  four  processes:  the  incidence  of 
the  atom  to  the  precursor  state  (/ ).  the  desorption 
from  the  precursor  state  (£),),  the  chemisorption 
to  the  film  (C,).  and  the  sublimation  to  the  pre¬ 
cursor  state  by  the  di.ssociation  of  the  film  (£, ). 
The  dissociation  of  molecules  to  atoms,  associa¬ 
tion  of  atoms  to  molecules  and  migration  of  group 

V  elements  at  the  surface  are  treated  as  a  pre¬ 
cursor  state.  The  concentration  of  the  precursor 
state  n,  is  determined  by  these  processes  as: 

dn,/dt  =  /-G,  4-£, -D,.  (1) 

In  the  steady  state  condition,  dnjdt  is  equal  to 
zero.  The  net  growth  rate  is  expressed  as  C,  -  £,. 
This  growth  model  was  successfully  extended  to 
ZnSe  growth  by  MBE  [6,7]. 

We  applied  the  growth  model  to  GaAsP  growth 
for  the  typical  growth  conditions:  substrate  tem¬ 
perature  is  low  where  the  loss  of  Ga  can  be 
ignored,  and  the  beam  flux  intensity  of  the  group 

V  element  is  larger  than  that  of  Ga  beam.  The 
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growth  rate  of  GaAsP  is  determined  by  the  arrival 
rate  of  Ga  under  these  growth  conditions. 

For  the  GaAsP  growth  it  is  assumed  that  the 
chemisorption  rates  of  group  V  elements  are  pro¬ 
portional  to  the  product  of  the  precursor  state 
concentration  and  the  probability  of  the  reaction 
with  Ga,  and  the  interaction  between  the  pre¬ 
cursor  state  of  As  and  that  of  P  is  ignored.  Gas 
and  Gp  are  expressed  as: 

Gas/Gp  =  <7  MasAp-  (2) 

where  q  is  the  ratio  of  incorporation  probabilities 
of  group  V  atoms  with  Ga  atom  at  the  surface. 
The  sum  of  the  growth  rates  of  P  and  As  is  equal 
to  the  growth  rate  of  Ga,  since  the  growth  rate  of 
GaAsP  is  determined  by  the  Ga  flux  intensity. 
The  net  growth  rate  of  As  and  P  is  expressed  as: 

GA,-£As  =  -'£^Ga-  (3) 

Gp-£p=(l (4) 

where  .v  denotes  the  As  composition.  The  desorp¬ 
tion  and  the  sublimation  are  expressed  to  have  an 
Arrhenius  form: 


A  =  exp(-t,jAT). 

(5) 

> 

II 

(6) 

1 

II 

c. 

(7) 

where 

L,  =  a,  exp(  ~f,JkT). 

(8) 

and  m  is  assumed  to  be  1.  £a>  ^>"3  £p  represent 
the  sublimation  to  the  precursor  state  by  the  dis¬ 
sociation  of  GaAs  and  GaP.  respectively.  £,  is 
assumed  to  be  proportional  to  the  composition 
ratio.  Reducing  eqs.  (l)-(8)  gives: 


where  r,  represents  the  beam  flux  ratio: 


'■p  ~  Jp/ Jc.a 


(10) 

(11) 


Eq.  (9)  is  an  expression  of  the  relationship  be¬ 
tween  the  composition  ratio  and  the  growth  condi¬ 
tion. 


3.  Results 

The  unknown  parameters  and  activation  en¬ 
ergies  in  eq.  (9)  are  determined  by  fitting  the 
calculated  compositions  to  the  experimental  re¬ 
sults.  The  GaAsP  layer  is  grown  on  GaAs  (001)  by 
MBE  under  various  growth  conditions.  The  growth 
rate  is  determined  by  RHEED  intensity  oscilla¬ 
tion.  The  molecular  beam  of  tetramers  is  used  for 
As  and  P.  The  beam  equivalent  pressures  of  As 
flux  and  P  flux  are  monitored  with  nude  ion 
gauge.  The  As  flux  intensity  is  calibrated  by  a 
transition  from  As-stable  reconstruction  to  Ga- 
stable  one.  The  As  composition  ratio  x  is  mea¬ 
sured  by  the  X-ray  diffraction,  assuming  that  the 
lattice  constant  of  a  ternary  alloy  follows  Vegard’s 
law.  The  layer  thickness  of  GaAsP  is  1.0  /nm.  to 
relieve  the  strain  due  to  the  lattice  mismatch  be¬ 
tween  the  film  and  the  substrate. 

Fig.  1  shows  the  As  composition  of  the  GaAsP 
alloy  as  a  function  of  the  As/Ga  beam  flux  ratio 
for  different  P  flux  intensities  Solid  line  and 
broken  line  show  the  composition  calculated  by 
eq.  (9).  The  alloy  composition  depends  on  the 
growth  condition  in  a  complex  way.  No  linear 
relationship  was  observed  between  the  composi- 


Fig.  1.  A.S  composition  of  the  GaAsP  alloy  as  a  function  of  the 
As/Ga  beam  flux  ratio  for  different  P  flux  intensities.  Solid 
line  and  broken  line  show  the  comp<3sitions  calculated  by  eq. 
(9).  The  growth  rate  is  0.4  pm/h  and  the  substrate  temperature 
is470°C. 
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Substrate  Temperature  CC) 

Fig.  2.  As  composition  of  GaAsP  alloy  as  a  function  of  the 
substrate  temperature  for  different  growth  rates.  Solid  lines 
show  the  composition  calculated  by  eq.  (9).  The  As/Ga  beam 
flux  ratio  is  1  and  the  P/Ga  beam  flux  ratio  is  45. 

lion  and  the  As/Ga  flux  ratio.  The  As  composi¬ 
tion  decreases  as  the  P  flux  intensity  increases. 
The  calculated  and  the  experimental  compositions 
agree  well. 

The  effect  of  substrate  temperature  on  the  com¬ 
position  for  various  growth  rates  is  shown  in  fig. 
2.  Solid  lines  show  the  composition  calculated  by 
eq.  (9).  The  As  composition  decreases  as  the  sub¬ 
strate  temperature  increases.  However,  the  de¬ 
crease  of  the  composition  is  saturated  at  higher 
substrate  temperatures.  The  influence  of  the  sub¬ 
strate  temperature  on  the  composition  ratio  de¬ 
creases  with  the  growth  rate.  The  saturation  tem¬ 
perature  is  lowered  for  low  growth  rate. 

Table  I  shows  the  parameters  and  activation 
energies  in  eq.  (9)  determined  by  fitting  to  the 
experimental  results. 

4.  Discussions 

A  higher  incorporation  probability  of  As  than 
P  by  a  factor  of  50  [3]  is  reported  under  the 
growth  condition  where  excess  group  elements 

Tabic  1 

Activation  energies  and  parameters  determined  hy  fitting  the 
calculated  compositions  to  the  experimental  results 
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Fig.  3.  Calculated  value  of  the  product  of  incorporation  rale 
from  the  precursor  slate  to  the  substrate  and  the  desorption 
rate  from  the  precursor  state. 

are  supplied.  The  As  composition  of  GaAsP  alloy 
is  controlled  by  adjusting  the  As/Ga  beam  flux 
ratio.  However,  the  composition  is  varied  by  the 
beam  flux  intensity  of  P.  This  variation  is  ex¬ 
plained  by  the  concentration  change  of  the  pre¬ 
cursor  state.  The  beam  flux  intensity  of  P  changes 
the  concentration  of  the  precursor  state  of  P.  Thus 
the  concentration  is  varied  through  the  change  of 
the  ratio  of  the  reaction  rates  with  Ga.  C^s/Gp  = 

?"As/«p- 

The  effect  of  the  substrate  temperature  on  the 
composition  is  clarified  by  calculating  G,,  Z),  and 
£(  as  a  function  of  substrate  temperature.  The 
product  of  the  ratio  of  incorporation  rates  and  the 
ratio  of  the  desorption  rates  from  the  precursor 
state  is  calculated  based  on  the  determined  activa¬ 
tion  energies.  The  product  is  plotted  as  a  function 
of  substrate  temperature  in  fig.  3.  The  product 
decreases  as  the  substrate  temperature  increases, 
which  shows  that  the  ratio  of  the  incorporation 
rate  G^yGp  is  increased  and  the  ratio  of  the 


Subsiratf  Icmperaiure  i  C' 
5.S(t  5m>  i5" 


Fig.  4.  Calculated  value  of  the  dissociation  rate  of  As  and  P  as 
a  function  of  the  substrate  temperature.  The  broken  line  de¬ 
notes  the  Ga  flux  intensity  at  the  growth  rale  of  0.4  fim/h. 
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Substrate  Icmpcrature  tT  i 

Fig.  5.  Calculated  film  composition  as  a  function  of  substrate 
temperature  for  various  growth  rates.  The  As/Ga  beam  flux 
ratio  is  I  and  the  P/Ga  beam  flux  ratio  is  45. 

desorption  rate  D^^/Dp  is  decreased.  The  effect  of 
(7,  and  D,  increases  the  As  composition  as  the 
substrate  temperature  increases. 

Fig.  4  shows  the  calculated  values  of  and 
Lp.  TTie  broken  line  in  the  figure  shows  the  num¬ 
ber  of  incorporated  Ga  atoms  for  growth  rate  of 
0.4  fim/h.  The  sublimation  of  precursor  state  L, 
increases  with  the  substrate  temperature.  The  sub¬ 
limation  of  As  is  comparabl'  ;  ■>  the  growth  rate  at 
around  460  °C.  However,  the  sublimation  of  P  is 
negligible  because  the  sublimation  of  P  is  less  than 
IT  of  the  growth  rate.  Thus  the  As  is  prefer¬ 
entially  sublimated  around  460  °C.  The  effect  of 
the  sublimation  decreases  the  As  composition.  On 
the  other  hand,  sublimation  of  P  becomes  com¬ 
parable  to  the  growth  rate  around  520  °C.  The 
saturation  of  decrea.se  of  As  composition  around 
500  °C  of  substrate  temperature  is  due  to  the 
sublimation  of  P. 


The  calculated  As  composition  for  a  wider  range 
of  growth  conditions  is  shown  in  fig.  5.  The  tem¬ 
perature  dependence  of  the  composition  varies, 
depending  on  the  substrate  temperature  and  the 
growth  rate. 


S.  Conclusion 

The  relationship  between  the  composition  of 
GaAsP  and  the  MBE  growth  condition  is  de¬ 
termined.  The  expression  of  the  relationship  be¬ 
tween  the  composition  ratio  and  the  growth  condi¬ 
tion  is  obtained  with  the  precursor  state  growth 
model.  The  activation  energies  and  parameters  are 
determined  by  fitting  the  calculated  compositions 
to  the  experimental  results.  The  effects  of  the 
sublimation  of  group  V  material  on  the  composi¬ 
tion  are  discussed. 
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Dynamics  and  roughness  spectrum  of  the  GaAs(OOl)  surface 
during  the  MBE  process 

L.  Daweritz,  J.  Griesche  *,  R.  Hey  and  J.  Herzog 

Zentralinstitui  fiir  Elektronenphvsik,  HaiLsro^ieiplatz  5-’.  O-I0S6  Berlin.  Germany 


The  roughness  spectrum  of  the  Ga.As((X)l )  surface  has  been  studied  during  growth  and  after  grow  th  interruption  by  combining  the 
time-dependent  recording  of  the  RHEED  specular  beam  intensity  with  intensity  profile  measurements  of  the  specular  streak.  The 
profiles  reflect  drastic  changes  in  the  distances  of  Ga-terminaied  steps  in  (llO]  direction,  the  roughness  of  As-terminated  steps  in 
[llOj  direction,  and  the  number  of  levels  included  in  the  surface  profile.  The  rates  of  the  underlying  kinetic  and  thermodynamic 
processes  are  estimated  from  the  recovers  of  the  specular  beam  intensity  which  show.v  a  .stepwise  increase  for  growth  interruptions 
after  extended  deposition. 


I.  Introduction 

Prcsious  conclusion.s  on  interface  roughne.ss  of 
molecular  beam  epita.\y  (MBE)  grown  interfaces 
differ  con.siderably  [1].  This  provokes  the  question 
on  the  roughness  spectrum  of  the  growth  front 
and  of  the  annealed  surface.  The  evolution  of  the 
surface  can  be  studied  in  situ  by  reflection  high- 
energy  electron  diffraction  (RHEED).  From  in¬ 
tensity  profile  measurements  of  the  specular  streak 
the  average  terrace  width  on  the  GaAs(OOl)  surface 
has  been  found  to  be  in  the  order  of  about  500  A 
during  steady  state  growth  and  in  the  order  of 
several  1000  A  after  10  min  growth  interruption 
(2).  The  recovery  of  the  specular  beam  intensity 
observed  after  depositions  on  a  well  annealed 
surface  can  be  fitted  by  a  two-exponential  form 
[3.4].  This  ha.s  been  explained  by  considering  the 
initial  fast  process  as  a  rapid  smoothing  of  the 
growth  front  profile  and  the  following  slow  proc¬ 
ess  as  recovery  of  long  range  order.  For  integer  or 
0.12  less  than  integer  monolayer  depositions  a  dip 
in  the  recovery  curve  after  the  initial  raise  has 


•  Scktion  Physik,  Humboldt-Univcrsital  zu  Berlin,  0-K)4() 
Berlin,  Germany. 


been  reported  [4.5].  In  the  present  work,  the  growth 
is  interrupted  after  extended  growth  leading  to  a 
higher  surface  roughness.  Without  provisions  to 
interrupt  the  growth  at  a  certain  stage,  the  re¬ 
covery  curve  shows  an  additional  dip.  By  a  com¬ 
bined  analysis  of  this  curve  and  of  intensity  pro¬ 
files  taken  at  defined  stages  deeper  insight  into  the 
evolution  i.)f  the  roughness  .spectrum  of  the  surface 
is  obtained. 


2.  Experimental 

Growth  and  annealing  cycles  were  performed 
at  a  substrate  temperature  of  580  °C.  an  Asj  :  Ga 
beam  equivalent  pressure  (BEP)  ratio  of  10  and  a 
growth  rale  of  0.45  ML  (monolayers)  s  '.  At  these 
conditions  a  clear  (2  x  4)  structure  was  ob.served 
and  the  specular  beam  intensity  recorded  in  the 
(110]  azimuth  at  an  out-of-phase  condition  re¬ 
ached  the  maximum  for  the  static  as  well  as  the 
growing  surface.  The  arrangement  for  intensity 
measurements  consi.sted  of  a  collimator,  optical 
fibre,  and  photomultiplier.  Intensity  profiles  along 
the  00  streak  were  mea.sured  by  photodensitome¬ 
try  from  RHEED  patterns  recorded  photographi¬ 
cally  (exposure  l.me  0.5  s). 
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3.  Results 

Three  growth  and  annealing  cycles  were  real¬ 
ized  by  Ga  shutter  opening  and  closing  as  indi¬ 
cated  in  fig.  1.  In  the  first  cycle  the  growth  is 
interrupted  after  extended  growth  with  a  constant 
specular  beam  intensity  indicating  a  steady  state 
step  distribution.  Even  after  5  min  anneaUng  a 
stable  no-growth  intensity  is  not  reached.  Never¬ 
theless,  step  distances  larger  than  the  Ga  migra¬ 
tion  length  must  exist  since  after  growth  initiation 
in  the  second  cycle,  the  intensity  decreases  rapidly 
and  oscillates.  After  several  minutes  growth,  there 
is  an  additional  decrease  in  intensity  toward  the 
steady  state  value.  During  the  second  growth 
break,  a  stepwise  intensity  increase  in  two  stages  is 
ob.served  after  the  first  rapid  raise.  In  the  third 
cycle,  the  growth  is  initiated  on  a  smoother  surface. 
Again  a  reordering  of  the  growing  surface  toward 
the  steady  state  is  found.  During  a  growth  inter¬ 
ruption  of  about  20  min,  the  intensity  approaches 
a  stable  no-growth  value.  When  depositing  only  a 
few  monolayers  on  this  surface,  the  usually  studied 
recovery  behaviour  is  found  (fig.  2). 

In  a  second  series  of  experiments,  RHEED 
patterns  for  intensity  profile  measurements  have 
been  recorded  at  the  stages  labelled  a  to  i  in  fig.  1 . 
The  profiles  compiled  in  fig.  3  consist  of  a  peak 
with  a  fine  structure  (cf.  also  fig.  4  and  ref.  [6]) 
and  diffu.se  wings.  The  full  width  at  half  maxi- 


Fig.  1.  Temporal  behaviour  of  the  specular  beam  inlen.sity 
during  three  growth  and  annealing  cycles.  Oscillations  are 
indicated  by  their  envelopes.  At  stages  labelled  a  to  i  and  • 
RHEED  patterns  for  inten.sity  profile  measurements  were 
taken. 


^  ■  ■ 
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Fig.  2.  Recovery  of  the  specular  beam  intensity  after  deposi¬ 
tion  of  18  (a)  and  18.5  ML  GaAs  (b).  From  a,  <0,  and  the 
comparison  in  (c)  follows  that  the  growth  front  relaxes  faster 
for  growth  interruption  at  monolayer  completion. 


mum  (FWHM)  is  inverse  proportional  to  the  aver¬ 
age  step  distance.  The  fine  structure  with  splittings 
A0I  and  the  diffuse  wings,  respectively,  reflect 
larger  and  shorter  distances,  respectively.  Taking 
into  account  the  grazing  incidence  RHEED  geom¬ 
etry,  the  corresponding  correlation  lengths  in  the 
[110]  direction  were  calculated  from  the  FWHM 
or  The  data  are  given  in  table  1.  In  addition, 
the  step  distribution  is  characterized  by  the  ratio 
B  of  the  profile  width  at  1/4  of  maximum  to  that 
at  3/4  of  maximum  [7].  The  width  at  0.05  of 
maximum  is  a  measure  of  the  contribution  of 
short  distances  to  the  roughness  spectrum. 

During  the  first  growth  interruption  the  aver¬ 
age  terrace  width  increases  from  560  to  670  A. 
The  B  value  of  3.3  for  steady  state  growth  indi¬ 
cates  a  geometric  step  distribution  [7].  its  decrease 
during  growth  interruption  a  transition  to  a  nar¬ 
rower  terrace  width  distribution.  A  reduction  in 
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Fig.  3  Intensity  profiles  of  the  00  streak  measured  for  the  growth  (G)  and  growth  interruption  (Gl)  stages  indicated  in  fig.  1. 


the  contribution  of  short  distances  to  the  rough¬ 
ness  spectrum  is  evident  also  from  the  decreasing 
value.  During  the  following  deposition  the 
reversal  effects  are  found.  Finally,  during  long¬ 
time  annealing  in  the  third  cycle,  the  average  and 
maximum  terrace  width  increase  to  830  and  6500 
A,  respectively.  The  unexpected  high  B  value  for 
the  well-annealed  surface  can  be  explained  by 
considering  not  only  a  change  in  the  lateral,  but 
also  in  the  vertical  distribution  of  terraces  over 
different  levels.  For  a  surface  with  only  a  few 
levels  the  profile  consists  of  a  broad  shoulder  and 
a  central  spike  (8],  After  separation  of  the  central 
spike  from  the  shoulder  in  the  profile  shown  in 
fig,  3i,  a  B  value  of  about  1.4  is  obtained.  TTiis 
gives  clear  evidence  that  on  the  well-annealed 
surface,  the  number  of  terrace  levels  decreases. 
The  reflection  of  topography  changes  in  the 
profiles  becomes  obvious  in  particular  when  the 


profiles  are  normalized  concerning  their  maxima. 
From  the  profiles  presented  in  fig.  4,  it  can  be 
clearly  seen  that  the  FWHM.  and  the  contri¬ 
bution  of  diffuse  wings  increase  during  growth 
and  decrease  during  growth  interruption. 

4.  Discussion  and  conclusions 

The  model  of  the  GaAs(OOl)  surface  shown  in 
fig.  5  takes  into  account  differences  of  As- 
terminated  steps  along  the  [110]  direction  and 
Ga-terminated  steps  along  the  [TlO]  direction  re¬ 
garding  excess  energy  [9]  and  tendency  to 
meandering  [10].  With  the  given  diffraction  and 
recording  conditions,  the  profiles  measured  are 
sensitive  to  a  succession  of  strings  of  atoms  sam¬ 
pled  in  a  one-dimensional  cut  across  the  surface  in 
[110]  direction  and  averaged  over  cuts  in  [110] 
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Table  1 

Average  terrace  width,  shape  ratio  as  a  measure  of  the  width  distribution,  profile  width  W^).o5  as  a  measure  of  the  contribution  of 
short  distances,  and  maximum  terrace  width  for  different  growth  and  annealing  stages 


Growth /annealing  stage 

Average  terrace  width  (A) 

Distribution  function,  B  =  ^^.25/^  75 

Contribution  of  small  distances,  Ifoos  (mrad) 

Cycle  1  Cycle  2  Cycle  3 

Maximum 

terrace 

width  (A) 

Cycle  3 

Growth 

2  min 

_ 

_ 

710 

4990 

2.1 

25.1 

Extended 

560  123  min) 

660  (13  min) 

700  (15  min) 

4700 

J.3 

2.4 

2.6 

30.6 

28.0 

28.0 

Growth  interruption 

1  min 

640 

680 

770 

4990 

2.0 

1.6 

2.0 

27.0 

21.6 

20.5 

Extended 

670  <3  min) 

680  (13  min) 

830  (16  min) 

6430 

1.7 

1.5 

2.1 

20.6 

15.5 

13.0 

|[001] 

}■ - [ilo] 

/ 


Fig.  4.  Normalized  intensity  proHles  for  different  growth  (G)  Fig.  5.  Schematic  illustration  of  the  terrace-step-kink  struc- 
and  growth  interruption  (Gf)  stages  in  the  third  cycle.  ture  of  the  growing  (a)  and  annealed  GaAs  (001)  surface  (b). 
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direction  [11].  The  string  length  distribution  sam¬ 
pled  is  related  to  the  distances  of  [llOJGa  steps 
and  the  roughness  of  [llOjAs  steps.  After  growth 
interruption,  the  kink  and  step  related  free  energy 
will  reduce.  The  reduction  of  the  broad  compo¬ 
nents  in  the  intensity  profile  can  be  explained  by 
'.he  dissolution  of  small  clusters  and  diffusion  of 
their  constituents  to  neighboured  islands  as  well  as 
by  the  smoothing  of  [110]As  steps.  The  decrease  in 
the  FWHM  of  the  profile  combined  with  an  in¬ 
crease  of  its  maximum  evidences  that  finally  the 
island  size  increases  due  to  a  reduction  of  the 
number  of  levels  included  in  the  surface  profile. 
The  rates  of  these  processes  can  be  estimated  from 
the  recovery  of  the  specular  beam  intensity  in  the 
third  cycle  (cf.  fig.  1).  The  first  rapid  raise  within 
less  than  1  s  is  tentatively  a.scribed  to  the  migra¬ 
tion  of  ad-atoms  or  small  clusters  to  neighboured 
islands,  the  second  increase  within  about  2  min  to 
the  establishing  of  a  local  thermodynamic  equi¬ 
librium  for  each  island  by  diffusion  of  atoms 
within  the  given  i.sland  and  smoothing  of  the  step 
edges.  To  achieve  a  global  thermodynamic  equi¬ 
librium  by  diffusion  of  atoms  between  different 
islands  and  hoppmg  to  lower  levels  requires  more 
time,  as  can  be  seen  from  the  slow  approach  of  the 
specular  beam  intensity  to  a  stable  no-growth 
value. 

In  conclusion,  detailed  information  on  the 
evolution  of  the  surface  topography  after  growth 
interruption  regarding  distances  in  the  roughness 
spectrum  and  rates  of  the  underlying  kinetic  and 
thermixlynamic  processes  has  been  derived  from 
combined  intensity  profile  and  intensity  recovery 
measurements.  Drastic  changes  in  the  topography 


occur  not  only  during  the  first  intensity  raise,  but 
also  during  the  slow  stage  of  the  intensity  re¬ 
covery. 
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We  present  the  results  of  experimental  measurements  and  numerical  calculations  of  the  layer  uniformity  of  MBE  grown  GaAs 
layers  on  stationary  and  rotating  W'afers  using  different  crucible  geometries.  We  obtain  excellent  agreement  between  theory  and 
experiment  for  the  actual  geometry  used  in  the  MBE  deposition  and  describe  the  configuration  required  to  obtain  \'ery  gtxxi 
uniformity  over  a  3  inch  rotating  wafer.  We  also  study  the  case  of  a  trumpet  crucible  insert  used  as  a  simple  way  of  improving  layer 
uniformity. 


1.  Introduction 

As  the  quality  of  MBE  grown  epilayers  has 
improved  an  increasing  number  of  laboratories, 
particularly  those  in  the  area  of  Ill-V  materials, 
are  shifting  their  main  interest  from  material  stud¬ 
ies  to  device  physics  and  development.  Uniformity 
of  layers  is  therefore  a  very  important  issue.  Al¬ 
though  some  of  the  production  oriented  MBE 
systems  now  marketed  offer  very  respectable 
grow'th  uniformity,  for  many  systems  operating 
worldwide  this  is  definitely  not  the  case  and  several 
groups  are  experimenting  with  ways  to  improve 
the  performance  of  their  older  machines.  Develop¬ 
ment  of  an  accurate  numerical  model  for  thickness 
profiles  of  MBE  grown  layers  may  help  solve 
some  of  the  existing  problems  with  less  time  con¬ 
suming  trial-and-error  experiment. 

The  flux  distribution  from  effusion  cells  in  MBE 
growth  has  been  addres.sed  by  Curless  (I)  and 
Yama.shita  et  al.  [2].  The  cosine  law  for  emission 
of  molecules  from  both  the  melt  and  the  crucible 
walls  was  used  and  the  re-emission  from  the  cruci¬ 
ble  walls  was  calculated  self-consistently.  The 
growth  rate  at  any  given  point  on  the  .substrate 
was  calculated  by  integrating  the  flux  contribution 
from  all  melt  and  wall  elements  in  line  of  sight 


from  this  point.  Curless  limited  the  model  to  the 
cylindrically  symmetrical  case.  i.e.  the  melt  surface 
perpendicular  to  the  crucible  axis.  Calculations  by 
Yamashita  el  al.  aimed  at  generalizing  Curless’ 
model  to  the  case  of  liquid  loads  where  the  melt 
surface  is  not  perpendicular  to  the  crucible  axis. 

Recently  we  have  performed  detailed  studies  [3] 
of  thickness  profiles  of  GaAs  layers  grown  on 
stationary  wafers  with  two  different  types  of  Gal¬ 
lium  effusion  cells.  The  first  (labelled  here  CLl) 
contains  an  almost  straight  walled  40  cm'  crucible. 
The  second  (labelled  CL2)  contains  a  conical  30 
cm'  crucible.  We  found  that  in  order  to  explain 
the  experimental  results  two  additional  effect.s 
typical  to  an  MBE  environment  had  to  be  in¬ 
cluded  in  the  theoretical  model,  namely  variation 
of  the  molecule  re-emission  coefficient  along  the 
crucible  walls  caused  by  the  temperature  gradient 
and  shielding  of  the  molecular  flux  by  Ga  droplets 
accumulated  at  the  crucible  orifice.  Including  .such 
effects  allowed  u.s  to  reduce  the  maximum  dif¬ 
ference  between  calculated  and  experimentally 
measured  layer  thickness  to  le.ss  than  over  the 
whole  area  of  a  stationary  3  inch  wafer. 

In  the  pre.senl  paper  we  quote  the  main  results 
of  this  model  applied  to  the  more  practical  situa¬ 
tion  where  the  wafer  is  rotating  during  growth.  We 
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also  present  new  experimental  results  obtained  for 
a  modified  cell  (labelled  CL3)  containing  a  straight 
walled  80  cm’  crucible  with  a  conical  insert  and 
extend  our  model  to  cover  this  increasingly  popu¬ 
lar  configuration. 

2.  Experimental 

The  GaAs  layers  studied  were  grown  with  V80H 
MBE  systems.  Fig.  la  shows  a  schematic  of  the 
crucible  geometry  used  in  the  previous  calcula¬ 
tions  [3].  The  first  cell  investigated  (CLl)  was  the 
standard  VG  single  filament  effusion  cell  with  a 
40  cm'  pyrolitic  boron  nitride  (PBN)  crucible.  The 
second  cell  (CL2),  using  a  30  cm'  PBN  conical 
crucible  ()3  =  8° ),  was  supplied  by  EPI  and  had  a 
dual  filament  design.  Such  an  arrangement  allows 
one  to  reverse  the  thermal  gradient  along  the  cell, 
thus  strongly  reducing  accumulation  of  Ga  drop¬ 
lets  at  the  crucible  orifice  and  associated  spitting 


of  Ga.  TTie  tilt  of  the  melt  level  with  respect  to  the 
crucible  axes,  a,  was  calculated  using  the  actual 
cell  orientation  within  the  system.  Fig.  1  b  shows  a 
schematic  of  the  crucible  geometry  for  the  CL3 
cell  used  for  the  present  study.  The  cell  was 
equipped  with  two  filaments  and  no  Ga  accumula¬ 
tion  was  observed  at  the  crucible  orifice.  The  Ga 
charge  is  placed  in  a  large  volume  straight  wall 
PBN  crucible  which  is  capped  with  a  “trumpet” 
made  from  a  30  cm'  conical  crucible  (the  same  as 
the  crucible  in  the  CL2  cell  described  above)  with 
its  bottom  removed.  In  our  case  the  distance  /i  =  81 
mm  and  the  orifice  diameter  d  =  28  mm.  Such  a 
design  retains  the  uniformity  improvement  offered 
by  the  conical  crucible  without  an  associated  drop 
in  the  useful  volume.  A  similar  design  used  for  a 
Varian  system  was  described  by  Maki  et  al.  [4]. 
Fig.  Ic  shows  a  schematic  of  the  crucible-sub¬ 
strate  geometry  and  its  spatial  orientation  for  the 
case  of  a  V80H  MBE  machine,  together  with  the 
fundamental  c<x>rdinate  system.  Note  that  the 
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Fig.  1  Schemalic.s  of;  (a)  crucible,  defining  angles  used  in  present  numerical  simulations;  (b)  crucible  of  cell  t'L.^  containing  trumpet 
insert  constructed  from  a  cut-off  CL2  conical  crucible,  (c)  crucible- substrate  geometry  and  its  spatial  orientation  for  a  V80H  MBF 
machine  The  plane  i|i.  is  parallel  to  the  flixir.  while  i,  indicates  the  vertical  direction  aniiparallel  to  the  direction  of  gravity  g.  Points 
Pi  to  P,  indicate  the  centres  of  the  cell  onfices.  For  this  system  =  cm.  D„^  ■'5.6  cm.  7  =  25°.  z.AC'P,  =  24°.  and 

.-P,AP,.,  =  45° 
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crucible  axis  does  not  point  at  the  centre  of  the 
wafer. 

Layers  w-ere  grown  in  the  following  sequence. 
After  desorption  of  native  oxide  thin  GaAs  (300 
A)  and  ALAs  (300  A)  layers  were  deposited  on  a 
rotating  wafer.  At  this  point  rotation  was  turned 
off.  the  wafer  angular  orientation  established,  and 
the  growth  of  GaAs  resumed.  The  arsenic  pressure 
was  adjusted  to  maintain  arsenic  stabilized  recon¬ 
struction  over  the  whole  wafer.  In  all  cases  a  1 
fim/h  GaAs  growth  rate,  and  600°C  substrate 
temperature  (as  read  with  calibrated  infrared 
IRCON  pyrometers)  were  used. 

Measurements  of  layer  thickness  were  carried 
out  in  two  stages.  First  a  map  of  relative  thickness 
variation  across  the  wafer  was  obtained  using  a 
scanning  reflectance  system  and  then  an  absolute 
thickness  profile  was  constructed  by  establishing 
the  exact  thickness  corresponding  to  one  of  the 
interference  fringes  using  reflectance  spectroscopy 
[3,5].  The  absolute  accuracy  of  layer  thickness 
measured  in  such  a  wav  should  be  better  than 

±n. 


3.  Results 

The  main  results  of  our  theoretical  studie.' 
growth  uniformity  for  rotating  wafers  are  sum¬ 
marized  in  fig.  2.  More  details  of  these  calcula¬ 
tions  are  given  in  ref.  [3].  The  top  panel  indicates 
that  the  cell  CLl  with  the  almost  straight  walled 
crucible,  when  used  in  the  supplied  machine  con¬ 
figuration  (fig.  Ic),  provides  a  very  pixir  layer 
uniformity  that  is  also  heavily  dependent  on  the 
level  of  the  melt  (z^,)  in  the  gallium  crucible. 
From  the  middle  panel  of  fig.  2  it  can  be  seen  that 
the  cell  CT.2  with  the  conical  crucible  provides 
better  but  still  insufficient  uniformity,  again  with 
considerable  melt  level  dependence.  These  calcula¬ 
tions  are  in  good  quantitative  agreement  with  ex¬ 
perimental  results.  In  the  bottom  panel  of  fig.  2 
we  show  results  of  calculations  performed  for  the 
case  where  the  CL2  cell  crucible  axis  is  tilted  to 
pisint  clo,se  to  the  centre  of  the  wafer.  This  ensures 
that  practically  the  whole  wafer  is  in  direct  line  of 
sight  from  all  emitting  surfaces  of  the  crucible. 
Both  uniformity  and  melt  level  dependence  are 
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Fig.  2.  Theorelical  thickness  cro.ss-sections  for  GaAs  layers 
grown  on  a  rotating  wafer  in  the  configuration  illustrated  in 
fig.  Ic.  Curves  are  for  a  number  of  values  of  the  distance 
between  the  crucible  orifice  and  the  melt  (measured  prior  to 
tilting  with  gravity).  The  top  panel  is  obtained  for  cell  CLl  and 
the  middle  panel  is  for  CL2  The  lower  panel  is  for  CL2  but 
with  the  crucible  axes  tilted  to  point  very  close  to  the  centre  of 
the  wafer.  The  dashed  curve  on  the  lower  panel  is  for  the 
"optimum"  case  w  here  the  cell  is  directed  at  45°  to  the  wafer 

and  the  crucible  axes  is  intersecting  the  wafer  center  j.tj. 

dramatically  improved.  Also  shown  in  this  panel 
(dashed  curve)  is  the  result  obtained  for  the  .same 
configuration  but  with  the  wafer  rotated  to  be  at 
45°  to  the  crucible  axis.  The  resulting  layer  is 
calculated  to  be  flat  to  better  than  0.1“?  over  most 
of  a  3  inch  wafer. 

The  geometry  represented  in  this  last  calcula¬ 
tion  (dashed  curve)  is  not  easily  or  cheaply  imple¬ 
mented  in  the  MBF  machines  as  supplied.  How¬ 
ever.  mixlification  of  the  effusion  cell  CL2  such 
that  the  conical  crucible  is  rotated  within  the  cell 
to  "overlook"  the  whole  wafer  appears,  at  first 
sight,  to  be  a  workable  solution.  Unfortunately, 
.since  such  a  cell  would  have  no  cylindrical  sym¬ 
metry.  it  would  be  more  expensive  to  make  and 
would  suffer  from  uneven  heating  by  the  cell 
heaters  which  may  give  ri.se  to  excessive  melt 
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turbulence  and  material  spitting.  An  alternative 
approach  is  to  modify  the  crucible  itself  without 
changing  its  position  in  the  cell.  For  example,  the 
crucible  in  cell  CL3  (see  fig.  lb)  could  be  modified 
to  tilt  the  trumpet  insert  away  from  the  crucible 
axis  to  point  towards  the  centre  of  the  wafer.  Such 
a  solution  would  avoid  the  disadvantages  men¬ 
tioned  above,  providing  a  cell  which  has  hi^er 
capacity  and  better  thermal  stability  than  CL2. 

The  question  which  we  need  to  answer  is  how 
well  the  beam  profile  of  a  cell  like  CL3  resembles 
that  of  a  cell  like  CL2  with  a  simple  conical 
crucible.  Recall  that  the  trumpet  insert  in  CL3  is 
constructed  from  a  conical  crucible  identical  to 
that  in  CL2.  More  specifically,  we  wish  to  de¬ 
termine  if  the  hole  in  the  bottom  of  the  trumpet 
produces  a  flux  distribution  similar  to  that  of  a 
melt  surface.  We  have  calculated  self-consistently 
the  spatial  and  angular  distributions  of  the  flux 
leaving  a  circular  opening  in  a  lid  covering  a 
straight  walled  crucible  of  the  same  dimension  as 
the  outer  crucible  in  CL3.  The  size  of  the  opening 
was  taken  to  be  the  same  as  that  at  the  bottom  of 
the  trumpet  insert  in  CL3.  The  calculation  was 
performed  with  the  melt  surface  within  the  covered 
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crucible  fixed  at  an  angle  to  the  crucible  axis 
appropriate  to  the  experimental  arrangement. 
Within  the  error  of  the  calculation  the  distribution 
from  the  hole  in  the  covered  crucible  reproduced 
the  one  leaving  a  simple  melt  surface  of  the  same 
dimensions.  Furthermore,  the  results  did  not 
change  when  the  covered  crucible  calculation  was 
repeated  with  the  melt  surface  normal  to  the  cruci¬ 
ble  axis,  indicating  that  even  for  such  a  large 
opening  the  momentum  distribution  of  particles 
leaving  the  opening  is  randomized  by  multiple 
collisions  with  the  inner  walls.  An  important  prac¬ 
tical  consequence  of  that  result  is  the  indepen¬ 
dence  of  the  beam  profile  leaving  the  cell  on  the 
melt  level  below  the  trumpet  insert.  It  is  also  clear 
that,  to  a  very  good  approximation,  we  can  neglect 
the  large  container  in  further  calculations,  at  least 
for  this  system,  replacing  the  actual  hole  in  the 
trumpet  with  an  equivalent  melt  surface.  This 
simplifies  the  problem  greatly,  reducing  it  practi¬ 
cally  to  the  one  already  solved,  that  is  to  the  case 
of  CL2  cell.  The  fact  that  the  melt  level  is  per¬ 
pendicular  to  the  crucible  axes  in  this  case  makes 
little  difference  to  the  final  flux  distribution,  par¬ 
ticularly  for  a  melt  surface  deep  in  the  crucible  [3]. 


Fig.  3.  (a)  Reflectance  scan  of  a  GaAs  laver  grown  on  a  stationary  substrate  with  the  CL3  cell.  Each  fringe  indicates  points  on  the 
wafer  where  the  GaAs  layer  thickness  is  the  same,  (b)  Comparison  between  theoretical  (solid  lines)  and  esperimental  (dashed  lines) 
stationary  growth  thickness  profiles  for  the  CL3  cell.  The  spacings  between  contours  are  equal  to  5%  of  the  thickne.ss  at  the  wafer 
centre.  The  dimensions  of  the  3  inch  wafer  are  indicated  by  the  dashed  circle. 
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We  have  carried  out  the  calculations  and  com¬ 
pared  them  with  the  experimental  thickness  pro¬ 
file  for  the  layer  grown  on  a  stationary  wafer  with 
the  cell  CL3.  We  found  that  a  good  fit  was  ob¬ 
tained  only  when  the  bottom  17  mm  of  the  conical 
insert  was  assumed  to  be  coated  with  emitting 
gallium.  This  is  expected  to  happen  if  the  Ga 
accumulated  on  the  inner  wall  of  the  PBN  trum¬ 
pet,  facing  the  melt,  diffuses  round  the  edge  of  the 
trumpet  hole  to  the  outer  wall.  Such  diffusion  was 
demonstrated  in  accurate  equilibrium  pressure 
measurements  using  Knudsen  cells  [6].  We  found 
that  an  artificial  shift  in  the  position  of  the  trum¬ 
pet  hole  towards  the  crucible  orifice  has  a  similar 
effect  on  the  beam  profile.  This  supports  our 
earlier  conclusion  [3]  that  the  excellent  fit  ob¬ 
tained  for  the  cells  CLl  and  CL2  may  have  been 
in  part  due  to  the  equivalence  of  such  diffusion  to 
a  shift  of  the  melt  level  used  in  the  calculations 
with  respect  to  the  actual  one. 

The  experimentally  obtained  thickness  map  for 
a  layer  grown  with  CL3  is  shown  in  fig.  3a.  A 
comparison  of  the  theoretical  and  experimental 
thickness  contours  are  shown  in  fig.  3b.  The  maxi¬ 
mum  difference  between  theory  and  experiment  is 
less  than  2%.  Note  that  the  calculations  were  made 
with  canonical  values  for  all  the  geometrical 
parameters  of  the  system  except  for  a  small  0.5° 
tilt  in  the  trumpet  insert.  The  trumpet  was  sup¬ 
posed  to  be  seated  so  that  its  axis  was  colinear 
with  the  axis  of  the  outer  crucible  but  small  devia¬ 
tions  can  be  expected.  The  only  additional  degree 
of  freedom  introduced  was  the  effect  of  gallium 
accumulation  at  the  bottom  of  the  trumpet  (dis¬ 
cussed  above).  We  have  also  performed  calcula¬ 
tions  for  the  case  of  a  rotating  wafer.  As  expected, 
the  thickness  profile  is  very  similar  to  the  one 
obtained  with  the  cell  CL2  for  =  —6.5  (the 
second  worst  uniformity  curve  shown  in  the  mid¬ 
dle  panel  of  fig.  2).  This  result,  although  rather 


negative  for  the  case  of  the  present  configuration, 
leads  to  an  optimistic  prediction.  Simply  rotating 
the  trumpet  within  the  outer  crucible  or  better  still 
using  a  trumpet  already  designed  in  this  way. 
should  improve  the  uniformity  significantly,  from 
slightly  less  than  20%  to  better  than  3%  over  the 
area  of  a  3  inch  wafer. 


4.  Summary  and  conclusions 

We  have  performed  numerical  simulations  of 
GaAs  layer  thickness  uniformity  for  stationary 
and  rotating  wafers  using  a  number  of  crucible 
geometries  in  the  V80H  MBE  system  configura¬ 
tion.  Our  calculations  indicate  that  considerable 
improvements  in  layer  uniformity  could  be 
achieved  if  the  crucible  were  rotated  to  point  at 
the  centre  of  the  wafer.  Since  this  is  expensive  and 
technically  difficult  we  investigated  the  use  of 
crucible  trumpet  inserts  as  a  simpler  way  of  ob¬ 
taining  greater  uniformity.  Our  results  suggest  that 
a  trumpet  insert  may  improve  uniformity  if  it  is 
rotated  within  the  outer  crucible  towards  the  wafer 
centre. 
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MBE  monolayer  growth  control  by  in-situ  electron  microscopy 

N. Inoue 

.V7T  LSI  laboratories,  Atsugi,  Kanagona  243'OL  Japan 


A  molecular  beam  epitaxy/scanning  reflection  electron  microscope/scanning  electron  microscope  (MBE-SREM-SEM)  hvbrid 
system  is  developed  as  an  in-situ  observation  technique  for  study  and  control  of  growth  of  GaAs  and  AIGaAs.  The  resolution  is  50 
nm  for  SREM  and  30  nm  for  SEM  at  10  s/frame  observation  rale.  The  highest  observation  rate  is  1  s/frame  for  SREM  and  1/60 
s/frame  for  SEM.  Three  applications  are  established:  The  observation  of  quick,  transient  growth  processes  to  clarify  the  growth 
mechanism,  the  measurement  of  material  properties  under  actual  growth  conditions  to  understand  and  control  growth,  and  growth 
control  by  in-process  monitoring,  in  which  a  micron  scale  lateral  growth  of  Ga/Al  monolayer  is  developed. 


1.  Introduction 

Precise  growth  control  down  to  the  monolayer 
is  necessary  for  developing  future  devices  using 
quantum  effects.  Additionally,  a  defect  control  is 
required  to  improve  the  performance  of  these  ad¬ 
vanced  devices.  In-situ  observation  of  growth 
processes  in  molecular  beam  epitaxy  (MBE)  may 
provide  new  insights  into  the  growth  mechanism 
and  defect  formation  mechanism  necessary  for 
such  controls. 

In-situ  surface  reflection  electron  microscopy 
(REM)  during  growth  is  possible  in  two  ways.  The 
original  one  is  using  a  lens  focusing-type  electron 
microscope  (called  REM),  where  the  sample  is 
embedded  between  a  pair  of  objective  lenses  of  a 
transmission  electron  microscope  (TEM)  [IJ.  Here, 
resolution  is  good,  but  growth  control  is  difficult 
within  a  narrow  space.  We  have  applied  this  to  a 
terrace  growth  study  on  a  (100)  silicon  surface 
during  annealing  [2].  The  other  possibility  is  a 
scanning  reflection  electron  microscopy  (SREM). 
This  was  first  performed  using  TEM  (3),  but  was 
developed  using  a  scanning  electron  microscojse 
(SEM)  [4).  The  resolution  of  SEM  is  poorer  than 
that  of  TEM,  but  the  wide  sample  space  is  favora¬ 
ble  for  realizing  growth  conditions  compatible  with 
those  in  a  conventional  MBE  system.  In-situ  ob¬ 
servation  of  Si  MBE  growth  has  been  performed 


[4].  We  have  developed  an  MBE-SREM-SEM 
system  for  GaAs  growth  (5).  The  unique  character 
of  our  system  from  the  previous  one  for  Si  was  the 
capability  of  real  time  observation.  We  established 
three  applications.  One  of  the  main  uses  is  reveal¬ 
ing  the  quick,  transient  growth  processes  and 
clarifying  the  growth  mechanism  affecting  the 
grown  crystal's  morphology  and  quality.  The  pic¬ 
tures  of  these  processes  have  been  only  ambigu¬ 
ously  provided,  either  from  in-situ  but  averaged 
measurements  over  a  wide  surface  by  RHEED,  or 
from  the  characterization  of  grown  crystals. 
Another  use  is  measuring  material  parameters  un¬ 
der  actual  growth  conditions  that  determine  the 
growth  mechanism  and  are  necessary  for  develop¬ 
ing  new  growth  technologies.  The  last  use  is  growth 
control  by  in-process  monitoring. 

In  this  paper,  we  shall  outline  this  technique's 
feature  and  show  these  applications.  For  the  above 
applications,  high  resolution  and  quick  response 
are  essential.  The  improvements  in  resolution  and 
observation  rate  made  recently  [6]  are  also  de¬ 
scribed. 


2.  Experimental 

A  cross-section  of  the  instrument  is  illustrated 
in  fig.  1.  The  main  difference  of  our  system  from 
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Ga  Af  As 


Fig.  1.  The  MBE-SREM-SEM  system. 


that  previously  developed  for  Si  MBE  observation 
is  that  the  optic  column  of  the  electron  micro¬ 
scope  is  mounted  horizontally,  not  vertically,  to 
the  small  MBE  chamber,  in  place  of  a  RHEED 
gun.  This  solved  the  most  serious  problem  with 
Ga.\s.  clouding  of  the  lenses  by  the  upward  As 
flux.  The  other  difference  is  that  an  LaB^  filament 
is  u.sed  which  is  more  resistive  to  a  low  vacuum 
with  As  than  the  previous  field  emission  gun  [4]. 
The  electron  beam  is  scanned  on  the  sample 
surface  while  maintaining  the  Bragg  reflection 
condition.  The  RHEED  pattern  is  obtained  on  the 
phosphor  screen,  and  one  of  the  diffracted  beams 
is  collected  by  the  photomultiplier  through  the 
aperture.  The  SREM  image  is  then  viewed  on  the 
CRT.  A  conventional  SEM  mode  is  also  available. 

For  in-situ  observation,  high  resolution  and 
quick  response  are  essential  and  have  been  real¬ 
ized  as  follows  [6],  The  resolution  is  primarily 
determined  by  the  electron  probe  size,  but  is  de¬ 
graded  by  contamination  of  lenses  by  growing 
species  and  sample  vibration.  The  probe  size  is 
limited  by  the  required  current  for  forming  high 
contrast  images.  When  we  started  this  study,  the 
resolution  war.  200  nm  for  SEM  and  even  worse 
for  SREM  at  a  beam  current  of  1  nA  and  an 
observation  rate  of  10  s/frame  [5|.  The  probe  size 
was  then  reduced  to  20  nm  at  1  X  10  A  by 
u.sing  a  bright,  small  top  LaB^,  filament.  To  sup¬ 
press  the  sample  vibration,  the  whole  system  was 
set  on  the  vibration  isolation  stage.  The  vibration- 


resistant  vertical  sample  holder  was  then  devel¬ 
oped  to  take  advantage  of  our  horizontal  optics. 
Recently,  the  resolution  is  about  50  nm  for  SREM 
and  30  nm  for  SEM.  The  apparent  resolution  of 
SREM  for  crystalline  feature  is  200  nm.  which  is 
overestimated  because  there  are  no  features  smaller 
than  100  nm  adequate  for  evaluation  of  the  resolu¬ 
tion. 

The  observation  rate  is  limited  by  the  S/N 
requirement.  The  time  to  obtain  one  frame  is: 
(data  acquisition  time/pixel)  x  (number  of  pixels 
in  one  frame).  For  convenience,  pixel  refers  to  the 
raster  line  length  corresponding  to  a  resolution 
Previously  it  was  10  s/frame  for  both  SREM  and 
SEM  [4].  However,  the  real  time  observation  was 
possible:  As  shown  later,  a  top  end  of  a  frame 
showed  a  surface  feature  at  the  start  of  scan,  while 
a  bottom  showed  that  at  the  end  of  scan.  Provided 
that  the  surface  is  homogeneous,  the  change  dur¬ 
ing  the  scan  was  viewed  as  a  variation  within  a 
frame.  Recently,  a  fast,  high-gain  amplifier  has 
been  developed  for  SREM.  and  observation  may 
be  done  at  1  s/frame.  For  SEM.  due  to  the  high 
yield  of  secondary  electrons.  TV  rate  observation 
is  possible  at  the  cost  of  resolution  degradation. 
This  quick  observation  contrasts  to  the  Si  MBE  {4} 
and  GaAs  MBE  observation  C?)  typically  at  a  few 
minutes  per  frame. 

The  base  pressure  of  the  MBE  chamber  is  about 
2x10"'”  Torr.  and  the  growth  control  by 
RHEED.  a  flux  monitor  and  a  QMS  is  available 
using  6  Knudsen  cells.  In  the  experiment  de¬ 
scribed  here,  the  background  As  pre.ssure  was 
slightly  below  10"^  Torr.  Unique  applications  of 
observation  in  GaAs  growth  are  to  observe  Ga 
droplets  and  localized  Ga  monolayers  on  As  layer, 
which  are  not  expected  in  Si  MBE.  Of  course,  the 
surface  roughness  change  during  growth  are  ob¬ 
served.  The  observed  processes  are  recorded  on  a 
video  tape. 

3.  Observation  of  transient  growth  processes 

3.J.  Ga-Al  droplet  formation  and  annihilation 

It  has  been  suggested  that  Ga  droplets  are 
formed  in  As  deficient  growth  and  responsible  for 
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the  interface  roughness  in  a  hetero-structure  [8], 
However,  the  formation  mechanism  is  not  clear, 
because  they  are  not  detected  during  growth.  We 
have  directly  observed  the  Ga-Al  alloy  droplet 
formation  under  As-deficient  MBE  [5].  Next,  the 


droplet  formation  by  supplying  Ga  atoms  was 
examined  [9],  It  was  found  that  Ga  droplets  are 
formed  on  a  Ga-stabilized  surface  as  soon  as  Ga 
atoms  are  supplied,  as  shown  in  fig.  2a.  Therefore, 
it  is  clarified  that  Ga  on  a  Ga  layer  cannot  form  a 


Fig.  2.  Ga  droplet  and  GaAs  mound  formation  at  610  °C  observed  by  SEM.  The  images  are  foreshortened  in  the  vertical  direction  by 
about  20  times,  (a)  Ga  droplets  (dark  spots)  are  formed  as  soon  as  Ga  atoms  are  supplied  on  a  Ga  stabilized  surface.  The  gray  ovals 
are  GaAs  mounds  formed  by  previous  experimental  sequences,  (b)  Ga  droplets  shrink  by  absorption  of  As.  The  bright  bands  on  the 
top  are  Ga  overlayer  around  droplets  (.see  section  5).  (c)  The  droplets  annihilate  by  absorbing  As.  leaving  GaAs  mounds  behind. 
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continuous  film.  This  opposes  the  previous  sugges¬ 
tion  from  the  RHEED  study,  but  supports  specu¬ 
lation  by  Neave  et  al.  [10],  The  RHEED  study  was 
wrong,  because  it  observed  the  crystalline  phase 
covering  the  most  of  the  surface,  while  the  excess 
Ga  atoms  are  gathered  within  the  small  droplets. 
The  droplet  distance  is  as  large  as  seve.al  microns 
and  does  not  increase  on  further  supply  of  Ga.  So, 
all  Ga  atoms  arrived  between  the  droplets  are 
captured  by  the  droplets.  No  anisotropy  was  found 
(foreshortening  limits  the  sensitivity  to  anisotropy). 
It  was  established  that  the  droplets  are  formed 
through  nucleation  by  supersaturation  of  Ga 
adatoms.  The  nucleation  is  diffusion  limited,  be¬ 
cause  the  distance  is  inversely  proportional  to  the 
root  of  the  supply  rate  [Tl]. 

It  was  found  that  the  mounds  are  formed  on 
the  droplets  when  droplets  are  annihilated  by  ab¬ 
sorption  of  As,  as  shown  in  fig.  2c  [9].  This  is  the 
first  hard  evidence  supporting  the  previous  sugges¬ 
tion  that  droplets  cause  roughening  {8). 

5.2.  Surface  roughening  and  smoothing 

Preparation  of  an  atomically  smooth  surface  is 
essential  for  controlled  growth  of  atomic  layers. 
Surface  roughening  after  growth,  20-1200  nm 
thick  was  observed  step-by-step  by  Isu  et  al.  [7]. 
Here,  the  surface  roughening  and  smoothing 
processes  by  thin  buffer  layer  growth  were  con¬ 
tinuously  observed  in  comparison  to  the  RHEED 
pattern  observation.  Fig.  3  shows  an  example. 
First,  after  removing  the  oxide,  a  three-dimen¬ 
sional  RHEED  pattern  is  observed.  In  SREM. 
there  are  no  features  observed,  suggesting  that  the 
small  undulation  below  the  resolution  is  on  the 
surface.  In  some  growth  conditions,  for  example  a 
slow  growth  rate  at  a  high  substrate  temperature, 
a  submicron  scale  cobbled  structure  appears  in  a 
very  short  growth  period,  as  shown  in  fig.  3b.  A 
particular  RHEED  pattern  corresponds  to  the 
surface  feature.  However,  under  adequate  growth 
condition,  surface  undulation  disappears  by 
growth  of  only  100  monolayers  in  4  min.  as  shown 
in  fig.  3d.  During  growth,  the  RHEED  pattern 
changed  to  a  2  x  4  reconstruction,  while  the  trace 
of  rough  features  remained  in  the  SREM  image,  as 
shown  in  fig.  3c. 


Fig.  3.  Surface  roughening  and  smoothing  by  buffer  layer 
growth  observed  by  SREM  (left-hand  column).  The  corre¬ 
sponding  RHEED  patterns  are  also  shown  (right-hand  col¬ 
umn).  (a)  before  growth;  (b)  roughening;  (c)  smixtthing;  (d) 
after  100  layers  (4  min).  Marker  represents  1  pm. 


Thus,  the  high-rate  S.REM  observations  provide 
a  great  deal  of  information,  such  as  surface  feature 
size  and  how  a  smooth  surface  can  be  obtained, 
and  are  more  sensitive  to  long  range  surface 
roughness  than  RHEED. 


4.  Material  parameter  determination  during  growth 

4. 1.  Ga  migration  distance  on  a  Ga  top  layer 

The  surface  migration  distance  of  growing 
species  is  a  very  important  material  parameter 
because  it  controls  the  growth  mechanism  and 
affects  the  terrace  size.  So  .'ar,  this  has  been  de¬ 
termined  by  RHEED  oscillation  under  growth  on 
the  tilted  substrate  [12).  This  method  cannot  meas¬ 
ure  migration  distances  larger  than  30  nm  becau.se 
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Fig.  4.  Migration  distance  of  Ga  on  Ga.  Migration  distance  of 
Ga  on  As  in  conventional  MBE  [12]  is  shown  for  compari¬ 
son. 


a  substrate  has  a  terrace  smaller  than  that  due  to 
misorientation.  It  is  also  difficult  to  be  applied  to 
an  alternate  supply  growth.  As  shown  above,  half 
the  distance  between  Ga  droplets  gives  the  lowest 
estimation  of  Ga  migration  distance  on  the  surface 
covered  with  a  Ga  layer.  This  is  a  new,  direct 
measurement  method  of  migration  [5].  Fig.  4  shows 
an  example  [9].  The  migration  distance  exceeds  1 
Hm.  2  orders  of  magnitude  larger  than  the  Ga 
migration  distance  on  the  As  surface  from  a 
RHEED  oscillation  study  [12]. 

It  is  to  be  noted  that  the  RHEED  oscillation 
method  observes  the  intralayer  migration  only.  On 
the  other  hand,  Ga  atoms  move  over  many  steps 
in  the  present  case.  The  interlayer  migration  is 
measured  by  the  present  method,  which  plays  an 
important  role  in  obtaining  the  smooth  surface. 

It  was  found  that  the  Ga  droplet  size  during 
normal  MBE  growth  under  Ga-rich  conditions  is 
as  large  as  that  in  alternately  supplying  growth. 
This  implies  that  coexisting  As  on  the  surface  has 
little  effect  on  Ga  migration  [5].  The  other  im¬ 
portant  result  is  that  the  droplet  distance  in  Ga-Al 
alloy  is  nearly  equal  to  that  in  Ga  [5,9,13],  because 


the  terrace  size  in  AlGaAs  is  usually  much  smaller 
than  that  in  GaAs  [14]. 

4.2.  Pseudo-self-limiting  nature  of  Ga  layer 

Ga  droplet  formation  was  examined  on  both 
the  Ga-stabilized  and  As-stabilized  surfaces  [9]. 
On  a  Ga-stabihzed  surface  above  510  °  C,  droplets 
appear  as  soon  as  the  Ga  supply  begins.  On  the 
other  hand,  on  an  As-stabilized  surface  below 
510  °C,  Ga  droplets  appear  after  more  than  1 
monolayer  of  Ga  is  supplied.  In  short,  in  both 
cases,  only  1  Ga  monolayer  is  stable  with  excess 
Ga  atoms-forming  droplets  [9].  This  behavior  is 
similar  to  the  self-limiting  mechanism  employed  in 
atomic  layer  epitaxy  (ALE)  in  MOCVD.  Hense, 
the  pseudo-self-hmiting  nature  of  Ga  is  estab¬ 
lished  in  MBE  growth.  This  may  be  due  to  the 
weak  Ga-Ga  bond  and  large  surface  tension  of 
Ga  metal  [8].  Ga-Al  alloy  also  has  a  self-limiting 
nature  [13].  This  may  be  applicable  to  monolayer 
growth  control  in  GaAs/AlGaAs  hetero-structure 
fabrication. 

4.3.  Surface  stoichiometry 

Surface  stoichiometry  determines  the  recon¬ 
struction  and  affects  the  growth  mechanism  con¬ 
siderably.  However,  there  has  been  little  quantita¬ 
tive  information  [15]  as  there  are  no  reliable  meas¬ 
urement  methods.  In  our  study,  Ga  droplets  al¬ 
ways  appeared  on  Ga  supply  as  soon  as  the  surface 
changed  to  a  Ga-stabilized  4x2  structure.  This 
agrees  with  the  free  Ga  formation  observed  in  the 
thermal  treatment  [15].  Thus,  the  4x2  structure 
corresponds  to  100%  coverage  by  Ga.  The  amount 
of  Ga  atoms  supplied  until  droplet  formation 
equals  the  amount  of  As  atoms  on  the  initial 
surface.  Therefore,  the  surface  stoichiometry  or  As 
coverage  can  be  precisely  determined  by  droplet 
observation.  Here,  the  Ga  flux  is  calibrated  by  a 
RHEED  oscillation  period  under  normal  MBE 
growth.  The  result  is  shown  in  fig.  5  [16].  In  this 
case,  measurements  were  performed  at  least  several 
minutes  after  the  As  supply  was  stopped.  There¬ 
fore,  surface  stoichiometry  without  As  flux  was 
obtained  (background  As  pressure  was  slightly 
lower  than  10"*  Torr  and  As  evaporation  might 
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Fig.  5.  Surface  coverage  of  .As  without  As  flux.  On  supply  of 
Ga.  droplets  appear  as  soon  as  a  4  x  2  reconstruction  is  devel¬ 
oped.  which  is  considered  to  he  100^  Ga  coverage. 


be  negligible  before  droplet  formation).  It  is  nota¬ 
ble  that  the  surface  stoichiometry  is  not  uniquely 
determined  by  the  reconstruction,  but  As  coverage 
decreases  monotonically  with  the  temperature  in¬ 
crease.  This  is  probably  due  to  accelerated  As 
evaporation  at  high  temperature.  Maximum  As 
coverage  on  a  2  X  4  reconstructed  surface  is  75%, 
which  confirms  the  missing  dimer  model  [17]  and 
suggests  that  this  new  measurement  method  is 
reliable.  Tlie  measurements  were  also  performed 
immediately  after  As  was  stopped.  Here,  the 
surface  stoichiometry  under  As  flux  could  be  ob¬ 
tained  so  long  as  the  As  evaporation  was  negligi¬ 
ble.  In  this  case,  the  As  coverage  was  always 
higher  than  that  shown  in  fig.  5  [16]. 

5.  Contro!  of  lateral  growth  of  a  Ga  monolayer  by 
in-process  monitoring 

As  described  earlier,  it  was  found  that  the  Ga 
top  layer  has  two  advantageous  characteristics  for 
atomic  layer  controlled  epitaxy;  (1)  a  pseudo-seif- 
limiting  nature  and  (2)  a  large  Ga  atom  migration 
distance.  Based  on  these,  a  new  growth  method  is 
developed:  a  micron  scale  lateral  growth  of  a  Ga 
monolayer  over  an  As  top  layer  [18], 


We  found  a  novel  growth  process;  when  As  was 
supplied  on  the  Ga-stabilized  surface  with  drop¬ 
lets,  faint  bright  areas  appeared  in  the  SEM  image 
(top  of  fig.  3b),  which  disappeared  quickly.  It  was 
found  that  these  were  Ga  layers  developing  later¬ 
ally  from  the  droplets  over  the  As  top  layer  and 
covered  by  As  again.  The  locally  separated 
coexisting  Ga  and  As  top  layers  were  not  ex¬ 
pected,  but  observed  by  both  SEM  and  SREM. 

To  establish  complete  monolayer  growth,  con¬ 
trol  by  in-situ  monitoring  was  used.  An  example 
of  avoided  condition  is  the  continuous  or  more 
than  1  monolayer  supply  of  As  atoms,  where  the 
As  covers  the  Ga  overlayer  and  suppresses  further 
lateral  growth,  and  introduces  mounds  on  the 
droplets  (fig.  3).  An  insufficient  Ga  supply  also 
results  in  incomplete  coverage.  Finally,  the  com¬ 
plete  lateral  growth  of  a  Ga  monolayer  from  a  Ga 
droplet  over  a  micron  is  realized  by  the  following 
procedure. 

The  surface  topography  change  is  reproduced 
in  fig.  6: 

(a)  Ga  droplets  are  formed  by  a  supply  of  excess 
Ga. 

(b)  As  is  supplied  for  1  monolayer  in  a  short 
pulse.  Then,  the  surface  darkens,  showing  the 
coverage  by  As.  Bright  areas.  Ga  monolayers, 
appear  around  the  droplets  and  begin  to  extend. 

(c)  Finally  bright  areas  cover  the  entire  surface, 
leaving  shrunk  droplets. 

The  growth  model  is  shown  in  the  right  hand 
side  of  the  figure. 

(bl)  When  the  surface  is  covered  by  As.  it  is 
possible  for  Ga  atoms  in  the  droplets  to  find 
stable  As  sites.  They  come  off  the  droplets  and 
attach  themselves  to  the  nearest  As  atoms. 

(b2)  The  Ga  atoms  that  follow  migrate  over  the 
new  Ga  overlayer  until  they  reach  the  As  layer. 
Since  migration  occurs  on  a  Ga  layer,  the  migra¬ 
tion  distance  is  very  large. 

(c)  This  process  continues  until  the  surface  is 
completely  covered  by  Ga.  Growth  is  stopped  by 
the  self-limiting  mechanism. 

It  takes  about  10  s  for  complete  growth.  From 
material  property  point  of  view,  the  lateral  growth 
provides  information  concerning  the  Ga  migration 
in  a  time  domain  for  the  first  time. 

It  is  remarkable  that  the  monolayer  size  ob- 
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Fig,  6.  l.ulerul  growth  of  a  Cia  monolaysr  ohNersed  by  SF.M  with  schemaltc  illu.stralion.'-.  (a)  (>a  droplets  Mark  dt>ts)  on  Oa  top  layer. 
Dark  horizontal  band  in  the  left  side  is  a  marker  for  focusing,  (h)  0  s  (top*  to  5  s  (bottom)  after  .As  supply.  Dark  areas  are  As  top 
layer  and  the  bright  areas  around  the  droplets  are  laterally  growing  Cia  monolayers.  The  size  inerease  toward  bottom  reprtxiuees  the 
growth  history  of  monolayer  islands  (e)  15  s  (top)  to  20  s  (bottom)  after.  Complete  coverage  bv  (ia  monolayer  leaving  tins  droplets. 


tained  here  i.s  two  orders  of  magnitude  larger  than 
ihe  terrace  size  realized  so  far  [13],  We  also  ob¬ 
served  micron-scale  lateral  growth  of  Ga-Al  alloy 
monolayer  [14).  This  new  growth  technique  is 
promising  for  atomic  layer  controlled  growth  for 
hetero-structures. 

Now,  lateral  growth  of  monolayers  and  migra¬ 
tion  enhanced  epitaxy  (MEE)  [19]  are  compared 
briefly.  First,  it  is  to  be  noted  that  when  MEE  is 
performed  at  high  temperatures  where  the  surface 
As  coverage  is  less  than  100^  without  As  flux.  1 
monolayer  supply  of  Ga  results  in  the  formation 
of  droplets  like  the  present  case.  Therefore  the 
growth  model  given  previously  must  be  modified 
taking  into  account  the  droplet  formation,  e.spe- 
cially  in  the  case  of  more  than  1  monolayer  supply 
of  Ga  atoms.  Next,  in  MEE.  Ga  is  generally 


supplied  only  a  few  seconds  after  As  is  supplied. 
What  takes  place  then’’  From  the  pre.sent  result  it 
is  clear  that  Ga  lateral  monolayer  growth  is  still 
going  on  then.  The  additional  supply  of  Ga  results 
in  the  simultaneous  growth  of  lateral  growth  from 
droplets  on  the  one  hand  and  “normal"  growth  on 
the  other  hand.  It  is  to  be  noted  that  in  the  latter 
growth,  the  Ga  atoms  migrate  over  the  .As  layer, 
whose  migration  distance  is  much  smaller  than 
that  on  Ga,  Therefore,  the  nucleation-and-growth 
takes  place  there. 

6.  Summary 

An  MBE-SREM  hybrid  system  for  in-situ  ob- 
.servation  of  GaAs  growth  is  outlined.  A  few  ex- 
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amples  are  shown,  demonstrating  that  this  tech¬ 
nology  is  a  powerful  tool  for  providing  new  in¬ 
sights  into  the  growth  mechanism  and  for  develop¬ 
ing  new  growth  technologies.  Although  this  tech¬ 
nique  has  only  been  applied  to  GaAs  related  sys¬ 
tems.  it  will  be  useful  for  other  systems  too; 
droplets  may  also  be  formed  in  InGaAs  and  play 
an  important  role  in  defect  formation  [20].  Further 
improvement  in  resolution  will  widen  its  applica¬ 
tion  to  nanostructure  fabrication. 
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Surface  diffusion  length  observed  by  in  situ  scanning  microprobe 
reflection  high-energy  electron  diffraction 
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The  dependence  of  surface  diffusion  phenomena  of  Ga  adatoms  on  As  flux  during  molecula'-  beam  epitaxv  is  investigated. 
Variations  of  growth  rates  of  GaAs  layers  grown  on  the  (()01)  surfaces  adjacent  to  the  (111)  surfaces  were  measured  by  scanning 
microprobe  reflection  high-energv  electron  diffraction.  The  surface  diffusion  length  is  derived  from  the  variations  of  the  growth  rates. 
It  IS  found  that  the  surface  diffusion  length  of  the  Ga  adatoms  becomes  larger  under  lower  .As  flux. 


1.  Introduction 

The  surface  diffu.sion  phenomenon  during 
molecular  beam  epitaxy  (MBE)  growth  has  re¬ 
cently  received  a  great  deal  of  attention.  It  is 
known  that  growth  rates  of  layers  grown  by  MBE 
on  the  (001)  surface  adjacent  to  the  (111)  surface 
vary  with  the  distance  from  the  edge  of  the  (111) 
surface  (1-6).  This  is  explained  by  analysis  of  the 
surface  diffusion  of  Ga  adatoms  from  or  to  the 
neighboring  (111)  surface.  Consequently,  the 
surface  diffusion  length  on  the  ((K)l )  surface  can 
be  determined  by  measuring  the  variation  of  the 
growth  rates  on  the  (001 )  surface  adjacent  to  the 
(111)  surface. 

It  is  well  known  that  the  intensity  of  reflection 
high-energy  electron  diffraction  (RHEED)  o.scil- 
lates  with  a  period  corresponding  to  the  periodic 
changes  of  the  morphology  of  the  growing  surface 
on  the  atomic-.scale  during  MBE  growth  [7].  Scan¬ 
ning  microprobe  RHEED  makes  it  possible  to 
measure  the  distribution  of  growth  rates  in  a  whole 
scan  area  simultaneously,  becau.se  the  growth  rates 
can  be  measured  from  periods  of  this  RHEED 
intensity  oscillation  according  to  growth  at  each 
point  in  the  area.  From  the  distributions  of  the 
growth  rates  measured  by  this  method  it  was 

*  Present  address:  Central  Research  Laboratory.  Hitachi.  Ltd.. 

Kokubunji.  Tokyo  185.  Japan. 


estimated  that  the  diffusion  lengths  of  Ga  adatoms 
along  the  [110]  and  along  the  [TlOj  directions  were 
about  1  and  8  /im  at  560 °C.  respectively  [5.6]. 

In  this  study,  the  dependence  of  surface  diffu¬ 
sion  length  of  Ga  adatoms  on  As  flux  is  investi¬ 
gated.  Distributions  of  growth  rates  of  GaAs  layers 
grown  by  MBE  on  mesa-etched  GaAs  wafers  are 
mea.sured  by  scanning  microprobe  RHEED.  The 
surface  diffusion  length  is  derived  from  the  distri¬ 
bution  of  the  growth  rates. 


2.  Experimental 

The  growth  apparatus  used  in  the  present  work 
was  de.scribed  elsewhere  [8].  GaAs  MBE  growth 
was  carried  out  on  the  (001)  substrate  with  mesa- 
grooves  along  the  [110]  direction,  whose  depths 
were  about  2  jam.  The  mesa-grooves  were  formed 
by  chemical  etching  using  HiPO^  :  H;0. :  H.O 
(4;  1  :  1)  .solution;  they  had  (lll)A  sidewalls.  The 
substrate  was  heated  at  570  °C  under  arsenic  pres¬ 
sure  for  surface  cleaning.  The  growth  temperature 
monitored  by  an  infrared  pyrometer  was  550  °C. 
The  growth  rate  of  GaAs  on  the  surface  far  from 
the  edge  of  the  (111)  surface  was  about  0.1  nm/s. 
The  amount  of  Ga  flux  on  the  ( 1 1 1  )A  surfaces  was 
60%  of  the  amount  on  (001 )  surface  because  of  the 
different  incident  angle  of  the  flux.  The  flux  of 
arsenic  was  in  the  range  of  2.8  x  10  ‘‘-7. 8  x  10 
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Pa  on  a  beam  flux  monitor.  The  RHEED  patterns 
of  the  (001 )  surface  showed  the  (2  X  4)  reconstruc¬ 
tion  of  As-stabilized  surface  before  MBE  growth. 
A  buffer  layer  of  a  few  tens  of  nm  thickness  was 
grown,  before  distributions  of  the  growth  rates 
were  measured. 

Scanning  reflection  electron  microscope 
(SREM)  images  were  obtained  by  using  the  inten¬ 
sity  of  the  specular  beam  spot  of  the  RHEED 
pattern  for  the  (001)  surface.  Fig.  la  shows  a 
typical  SREM  image  during  the  growth  of  the 
GaAs  surface  near  the  edge  of  the  ( 1 1 1  )A  surface 
illustrated  in  fig.  lb.  The  incident  electron  beam  is 
in  the  [TlO]  azimuth  at  a  glancing  angle  of  I  °.  The 
brighter  area  on  the  right-hand  side  of  the  photo¬ 
graph  is  the  image  of  the  upper  (001)  surface  and 
the  darker  area  on  the  left-hand  side  is  that  of  the 
(lll)A  sidewall.  The  horizontal  and  vertical  direc¬ 


tions  of  the  photograph  represent  the  [110]  and 
[TlO]  directions,  respectively.  Because  of  the  small 
glancing  angle  of  the  incident  electron  beam,  the 
length  along  the  vertical  direction  is  reduced  by  a 
factor  of  about  1  /20  in  comparison  with  that 
along  the  horizontal  direction.  The  vertical  direc¬ 
tion  also  acts  as  time  axis,  because  the  scanning 
speed  along  this  direction  is  much  slower  than 
that  along  the  horizontal  direction.  It  is  seen  in 
fig.  la  that  horizontal  stripes  appear  in  the  image 
of  the  upper  (001)  surface  after  the  start  of  the 
MBE  growth  denoted  by  the  arrow.  Fig.  Ic  il¬ 
lustrates  a  schematic  drawing  of  the  SREM  image 
shown  in  fig.  la.  The  stripes  appearing  on  the 
(001)  surface  correspond  to  RHEED  intensity 
oscillations,  as  shown  in  fig.  Id.  Intervals  between 
the  stripes  represent  periods  of  RHEED  intensity 
oscillations.  The  growth  rates  at  points  of  e.  f.  and 


Fig.  1 .  (a)  SRF.M  image  of  the  GaA.s  surface  during  growth  on  the  (001 )  surface  near  the  edge  of  the  ( 1 1 1  )A  surface  (h)  Schematic 
illustration  of  the  substrate,  (c)  Schematic  drawing  of  the  SREM  image  shown  in  (a),  (d)  Variations  of  RHEED  intensity  at  the  pr'ints 

of  e.  f.  and  g  in  (b). 
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g  in  fig.  lb  are  derived  from  the  RHEED  intensity 
oscillations  of  e,  f.  and  g  in  fig.  Id,  respectively. 
When  the  RHEED  intensity  at  a  particular  point 
in  the  scan  area  is  observed,  the  growth  rate  at  the 
point  is  measured  in  real  time  from  its  oscillation 
period.  This  measurement  takes  a  growth  of  only 
about  ten  monolayers.  Scanning  microprobe 
RHEED  makes  it  possible  to  measure  growth 
rates  in  a  whole  scan  area  simultaneously. 


3.  Results 

Fig.  2  shows  relative  increases  in  the  growth 
rates  on  the  (001)  surface  near  the  edge  of  the 
(lll)A  surface  as  a  function  of  the  distance  from 
the  edge  under  various  conditions  of  As  flux.  The 
RHEED  patterns  of  the  (001)  surface  under  the 
condition  of  As  flux  of  2.8  X  10  Pa  showed  the 
(3x1)  reconstruction  during  MBE  growth.  Under 
the  conditions  of  As  flux  higher  than  thi,s.  the 
surface  keeps  showing  the  (2  X  4)  reconstruction 
during  MBE  growth.  The  relative  increases  in  the 
growth  rates  decrease  exponentially  with  the  dis¬ 
tance  from  the  edge. 


I - 1 _ I 

0  1  2 


DISTANCE  FROM  EDGE  (pm) 

Fig.  2,  Relative  increases  in  growth  rates  on  the  upper  (001) 
surface  as  a  function  of  the  distance  from  the  edge  of  the 
(lll)A  surface. 
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Fig.  3.  Surface  diffusion  lengths  as  a  function  of  As  flux.  The 
dashed  line  indicates  the  (2x4)  to  (3x1)  pha.se  transition  of 
the  surface  reconstruction. 


Ga  adatoms  incident  on  the  (001)  surface  are 
not  desorbed  under  the  usual  growth  condition.  If 
Ga  adatoms  are  diffused  from  the  neighboring 
(111)  .surface  to  the  (001)  surface,  the  distribution 
of  the  growth  rate  on  the  (001)  surface  varies  with 
the  distance  from  the  edge  of  the  (111)  surface. 
When  the  Ga  flux  is  supplied  with  density  J  and 
the  Ga  adatoms  flow  from  the  (111)  surface  with 
density  /,  the  distribution  of  the  growth  rate 
near  the  edge  is  given  by 

/i  =y  +  ^exp(^- (1) 

where  x  and  \  are  the  distance  from  the  edge  of 
the  (111)  surface  and  the  surface  diffusion  length 
of  Ga  adatoms,  respectively  [6],  Eq.  (1)  shows  that 
the  relative  increase  in  growth  rate  decreases  ex¬ 
ponentially  with  the  distance  from  the  edge.  The 
surface  diffusion  length  \  is,  therefore,  derived 
from  the  dependence  of  the  growth  rate  on  the 
distance  from  the  edge  of  the  (111)  surface  x. 

The  gradient  of  the  relative  increase  in  the 
growth  rates  as  shown  in  fig.  2  corresponds  to  the 
inverse  of  the  surface  diffusion  length  of  Ga  along 
the  |110]  direction.  Fig.  3  shows  the  diffusion 
lengths  as  a  function  of  As  flux.  The  dashed  line 
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indicates  the  (2  x  4)  to  (3  x  1)  phase  transition  of 
the  surface  reconstruction.  The  diffusion  length 
becomes  larger  under  lower  As  flux.  In  particular 
the  surface  diffusion  length  changes  abruptly, 
when  the  phase  transition  of  the  surface  recon¬ 
struction  occurs.  Because  As  is  easily  desorbed  at 
the  growth  temperature,  surface  coverage  of  As 
decreased  with  decreasing  As  flux.  The  3  X  streak 
has  been  reported  in  the  (1X6)  pattern  in  low-en¬ 
ergy  electron  diffraction  [9].  The  (3x1)  surface 
observed  in  this  work  seems  to  correspond  to  this 
surface,  because  it  is  difficult  to  confirm  the  x6 
pattern  with  the  scanning  gun.  The  (3x1)  surface 
is  more  As-deficient  than  the  (2  X  4)  surface,  and 
more  As-rich  than  the  (4  x  2)  surface.  This  sug¬ 
gests  that  the  lower  surface  coverage  of  As  makes 
the  surface  diffusion  length  of  Ga  adatoms  larger. 

4.  Discussions 

Horikoshi  et  al.  performed  AlGaAs  growth  in 
alternating  source  supply  mode  in  which  group  III 
elements  were  provided  under  no  As  flux  [10]. 
They  reported  that  hetero-interfaces  grown  in  this 
mode  were  flatter  than  those  grown  by  conven¬ 
tional  MBE  method.  They  estimated  that  the  large 
surface  diffusion  length  caused  the  flat  hetero-in¬ 
terfaces.  The  longer  diffusion  length  on  the  (3x1) 
surface  supports  their  result. 

Several  groups  derived  the  surface  diffusion 
length  of  Ga  adatoms  on  GaAs  surfaces  by  ob¬ 
serving  the  transition  of  the  growth  modes  [11-14). 
The  surface  diffusion  lengths  of  Ga  adatoms  on 
GaAs  surfaces  derived  by  this  method  are  about 
100  times  smaller  than  tiiose  derived  from  the 
distribution  of  the  growth  rates,  even  if  differences 
of  growth  conditions  are  taken  into  account.  To 
explain  this  discrepancy,  the  authors  proposed 
that  the  sticking  coefficient  of  Ga  adatoms  to 
atomic  steps  is  much  smaller  than  unity  (5,6).  If 
most  of  the  Ga  adatoms  go  through  atomic  steps 
when  they  arrive  there,  the  surface  diffusion 
lengths  are  probably  much  larger  than  the  terrace 
widths  on  the  vicinal  surfaces.  The  transition  of 
the  growth  mode  occurs  when  the  terrace  width  on 
the  vicinal  surface  is  equal  to  the  diameter  of  the 
two-dimensional  (2D)  nucleus  at  its  maximum. 


The  surface  diffusion  length  derived  by  observing 
the  transition  of  the  growth  modes  would  be  un¬ 
derestimated. 

Van  Hove  and  Cohen  reported  that  the  surface 
diffusion  length  on  the  (2  X  4)  surface  did  not 
vary  with  As  flux  [12].  They,  however,  derived  the 
surface  diffusion  length  from  the  transition  of  the 
growth  mode.  It  should  be  thought  that  they  did 
not  measure  the  diffusion  length,  but  the  maximal 
diameters  of  the  2D  nuclei.  Therefore,  the  surface 
diffusion  length  observed  in  this  work  does  not 
necessarily  show  the  same  dependence  on  As  flux 
as  the  result  derived  by  Van  Hove  and  Cohen. 


5.  Conclusion 

The  dependence  of  surface  diffusion  length  of 
Ga  adatams  on  As  flux  was  investigated.  It  was 
found  that  the  surface  diffusion  length  becomes 
larger  under  lower  As  flux.  In  particular,  the 
surface  diffusion  length  changes  abruptly  with  the 
(2x4)  to  (3x1)  phase  transition  of  the  surface 
recon.struction. 
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A  reflection  high-energy  electron  diffraction  study  of  growth  processes 
at  step  edges  during  molecular  beam  epitaxy  of  GaAs  and  AlAs 

Hiroshi  Tsuda  and  Takashi  Mizutani 
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We  have  investigated  molecular  beam  epitaxy  of  GaAs  and  AlAs  on  highly  misoriented  GaAs(OOl)  substrates  with  reflection 
high-energy  electron  diffraction  (RHEED).  The  substrate  orientations  studied  are  (1I7)A  and  (119)A.  Facet-like  structures  are 
formed  on  GaAs  surfaces  under  As  stabilized  conditions  either  during  growth  or  during  growth  interruption.  However,  such 
structures  disappear  when  AlAs  is  grown  on  these  surfaces.  Moreover,  the  surfaces  without  facet-like  structures  are  maintained  after 
AlAs  growth  is  interrupted.  This  suggests  not  only  the  step  flow  growth  of  AlAs  but  also  the  stabilization  of  A1  atoms  on  the  surface, 
which  is  attributed  to  the  stronger  bonding  of  AlAs.  On  the  other  hand,  the  facet-like  structures  during  GaAs  growth  shows  the 
migration  of  Ga  atoms  across  the  step  edges  because  of  the  weaker  bonding  of  GaAs.  The  surface  without  facet-like  structures  during 
Ga.'ks  growth  with  a  slightly  insufficient  AS4  flux  are  related  to  small  As  coverage  on  the  surface. 


1.  Introduction 

Molecular  beam  epitaxy  (MBE)  is  one  of  the 
most  fundamental  techniques  in  fabricating  semi¬ 
conductor  thin  films.  Understanding  its  growth 
mechanisms  can  help  in  intentionally  fabricating 
such  controlled  structures  as  tilted  superlattices 
[1].  Reflection  high-energy  electron  diffraction 
(RHEED)  is  a  useful  in  .situ  technique  to  monitor 
the  surface  during  MBE  growth.  From  RHEED 
studies,  it  has  been  revealed  that  A1  is  much  less 
mobile  than  Ga  on  the  GaAs((X)l)  surface  [2). 
Similar  results  were  reported  concerning  migra¬ 
tion-enhanced  epitaxy  (MEE)  [3].  Lateral  growth 
studies  al.so  suggested  the  small  diffusion  length  of 
A1  [4]. 

As  almost  all  growth  seems  to  proceed  at  the 
step  sites  or  kink  sites,  misoriented  surfaces  pro¬ 
vide  information  concerning  growth  fronts  and 
step  properties.  Step  properties  on  vicinal  surfaces 
concerning  MBE  have  been  studied  by  using 
RHEED  [5-10]. 

In  this  paper,  we  observed  RHEED  patterns  of 
two  highly  misoriented  GaAsfOOl)  substrates  in 
order  to  study  the  growth  behavior  of  GaAs  and 
AlAs  during  MBE  growth  and  growth  interrup¬ 
tion.  Facet-like  structures  were  observed  on  As 


stabilized  GaAs  surfaces.  However,  no  such  struc¬ 
tures  were  observed  on  AlAs  surfaces.  This  is 
interpreted  from  the  viewpoint  of  the  growth  be¬ 
havior. 


2.  Experimental 

RHEED  observations  were  conducted  in  a  con¬ 
tinuous  cycle  of  growth  and  growth  interruption 
with  the  observed  azimuth  fixed.  AlAs  layers  were 
grown  on  GaAs  surfaces,  while  GaAs  layers  were 
grown  on  GaAs  surfaces  and  AlAs  surfaces.  The 
electron  primary  energy  was  12.1  keV.  A  high- 
sensitivity  SIT  (silicon  intensified  target)  TV 
camera  was  used  for  observation  with  video  sig¬ 
nals  recorded  by  VTR  (video  tape  recorder).  The 
RHEED  patterns  presented  in  this  paper  are  ob¬ 
servations  made  after  changes,  if  any.  had  been 
completed.  The  time  needed  for  change  corre¬ 
sponded  to  about  one  layer  growth  for  GaAs  and 
about  two  layer  growth  for  AlAs. 

The  samples  used  were  n'‘-GaAs  (117)A  and 
(119)A  substrates.  These  were  misoriented  (001) 
substrates  inclined  at  11.4° (117)  and  8.9° (11 9) 
toward  [110]  azimuth,  and  were  expected  to  have 
Ga  atoms  at  the  step  edges.  Before  being  loaded 
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into  the  MBE  chamber,  they  were  degreased  with 
an  organic  solvent  by  ultrasonic  cleaning,  followed 
by  chemical  etching  by  7H2SO4 :  2H2O2 : 
solution  at  around  60  °  C.  After  deoxidation  under 
AS4  flux  at  650  °C,  an  undoped  GaAs  buffer  layer 
of  about  3000  A  thickness  was  grown  on  each 
substrate  at  600  °C. 

Growth  rates  were  0.8  /im/h  for  GaAs  and  0.1 
;im/h  for  AlAs.  Substrate  temperature  was 

fixed  at  600 °C.  An  Asj  flux  of  (1.5  +0.2)X  10'^ 
Torr  monitored  at  the  substrate  growth  position 
was  applied  for  GaAs  and  AlAs  growth.  This  is  a 
usual  amount  for  an  As  stabilized  (2  X  4)  RHEED 
pattern  maintained  on  the  GaAs(001)  surface  dur¬ 
ing  GaAs  growth  with  this  growth  rate  and  ^sub- 
An  examination  was  also  made  of  an  AS4  flux  of 
(4.5  ±  1.5)  X  10  *’  Torr,  which  is  a  slightly  insuffi¬ 
cient  amount  for  GaAs  growth  where  the  transient 
from  a  (2  X  4)  to  a  diffused  (3  X  1)  begins  to  occur 
on  the  GaAs(OOl)  surface  during  homoepitaxial 
growth  with  the  same  growth  rate  and  ^suh- 

3.  Results  and  discussion 

Fig.  1  shows  RHEED  patterns  of  GaAs  surfaces 
on  the  (117)  substrate  observed  at  the  (110] 
azimuth  under  4.5  x  10  Torr  of  Asj  flux.  The 
incidence  plane  of  the  primary  electrons  was  al¬ 
most  parallel  to  the  step  edges.  The  streaks  before 
growth  (fig.  la)  were  .slightly  more  diffused  than 
those  during  GaAs  growth  (fig.  lb).  After  growth 
was  interrupted,  the  pattern  immediately  became 
the  same  as  that  shown  in  fig.  la.  The  existence  of 
streaks  in  both  figures  demonstrates  broadened 
two-dimensional  reciprocal  lattice  rods,  which  re¬ 
sult  from  many  irregularities  along  the  step  edges. 
Nevertheless,  there  is  no  doubt  that  the  GaAs 
surface  during  growth  is  somewhat  more  ordered 
than  that  during  growth  interruption.  Furiiier- 
more.  there  were  no  three-dimensional  islands  of 
significant  size  on  the  surface,  becau.se  patterns  of 
electrons  transmitted  through  the  ^'ulk  were  ob¬ 
served  before  buffer  layer  growth  ,)ut  disappeared 
after  it. 

The  streaks  in  fig.  lb  were  almost  perpendicu¬ 
lar  to  the  shadow  edge  of  the  substrate,  while  the 
averaged  spacing  of  the  streaks  was  the  same  as 


Fig.  I.  RHEED  patterns  of  (1)7)  sub.strate  observed  at  the 
(ItO)  azimuth  under  insufficient  As  conditions:  (a)  GaAs 
surface  during  growth  interruption;  (h)  GaAs  surface  during 
growth.  Averaged  streak  positions  are  indicated  by  arrows,  (a) 
Suggests  the  existence  of  a  rather  disordered  facet. 


that  expected  for  an  ideal  (117)  surface.  This 
.shows  the  existence  of  a  nearly  ideal  (117)  surface, 
because  the  spacing  of  streaks  corresponds  to  the 
step  edge  interval  [11]  and  the  direction  of  two-di¬ 
mensional  lattice  rods  represents  the  face  azimuth. 
Yet,  the  averaged  spacing  in  fig.  la  was  about  1.3 
times  larger  than  that  seen  in  fig.  lb.  Moreover,  in 
fig.  la  the  streaks  were  not  perpendicular  to  the 
shadow  edge,  but  were  at  an  angle  of  about  3° 
relative  to  those  in  fig.  lb  at  this  azimuth.  This 
shows  that  a  facet-like  structure  appeared  on  the 
GaAs  surface  during  growth  interruption.  It  was 
(115)-like.  but  was  not  an  exact  (115)  facet  be¬ 
cause  the  angle  should  be  4.4°  if  an  exact  (115) 
facet  was  formed  on  the  (117)  surface.  (In  this 
.study,  the  error  of  angle  measurement  on  RHEED 
patterns  was  at  most  half  a  degree  for  averaged 
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streaks.)  On  the  other  hand,  it  was  neither  a  (114) 
facet  nor  a  (116)  facet  based  on  the  spacing  of  the 
streaks  and  their  incline. 

During  GaAs  growth  with  1.5  X  10'*  Torr  of 
As4  flux,  RHEED  patterns  of  the  (117)  substrate 
showed  the  facet-like  structure,  and  were  the  same 
as  those  during  growth  interruption  (fig.  la).  Fur¬ 
thermore,  when  the  growth  rate  of  GaAs  was 
reduced  to  0.1  jim/h,  the  patterns  during  growth 
were  also  the  same  as  fig.  la  and  showed  the 
facet-like  structures  even  though  the  AS4  flux  was 
4.5  X  10  '’  Torr.  Under  the  same  conditions,  an 
As  stabilized  (2x4)  RHEED  pattern  was  main¬ 
tained  on  the  GaAs(OOl)  surface  during  growth. 
This  implies  that  an  As  stabilized  condition  is 
essential  to  the  formation  of  the  facet-like  struc¬ 
ture  on  the  GaAs  surface.  The  minimization  of 
surface  energy  would  be  the  driving  force  of  the 
formation,  in  the  same  way  as  when  surface  recon¬ 
struction  takes  place  on  singular  surfaces. 

In  contrast,  the  facet-like  structure  disappeared 
only  during  growth  of  GaAs  with  a  slightly  insuf¬ 
ficient  Asj  flux,  but  was  easily  recovered  under 
the  same  AS4  flux  after  growth  was  interrupted. 
Therefore,  the  surface  without  facet-like  structures 
ob.served  on  the  (117)  substrate  is  caused  by  the 
structural  changes  related  to  a  small  As  coverage 
on  the  surface.  The  surface  without  facet-like 
structure  corresponds  to  the  vicinal  surface  whose 
terrace  length  fluctuations  arc  reduced  under  an 
As  insufficient  stoichiometry  [6.8].  The  minimiza¬ 
tion  of  surface  energy  would  be  al.so  the  driving 
force  in  this  case. 

The  reason  why  the  facet-like  structure  is  main¬ 
tained  on  GaAs  .surfaces  during  growth  under  As 
stabilized  conditions  is  explained  by  the  growth 
proce.s.s  at  the  step  edge.s.  that  i.s.  the  migration  of 
Cia  atoms  across  the  step  edges.  The  Ga  diffusion 
length  on  GaAs((X)l)  terraces  can  be  e.stimated  at 
least  to  the  order  of  100  A  in  this  .situation  [12]. 
Thus,  all  Ga  atoms  are  apparently  able  to  reach 
the  step  sites  on  this  highly  misoriented  substrate, 
and  two-dimensional  nuclei  do  not  form.  If  Ga 
atoms  are  easily  incorporated  into  the  crystal 
lattice  at  the  step  sites,  then  step  flow  growth  must 
take  place  and  the  facet-like  structure  must  di.sap- 
pear.  However,  the  facet-like  structure  is  main¬ 
tained.  Therefore,  Ga  atoms  must  migrate  across 


the  step  edges  before  they  are  incorporated  into 
the  crystal  lattice.  This  result  is  consistent  with  the 
SEM  [13]  and  scanning  ^iRHEED  [14]  studies  on 
patterned  substrates. 

The  maintenance  of  the  surface  without  facet¬ 
like  structures  during  growth  with  an  insufficient 
AS4  flux  can  be  explained  by  the  small  As  cover¬ 
age  on  the  surface.  MEE  studies  [15]  revealed  that 
Ga  atoms  migrate  over  a  longer  distance  under 
insufficient  As  conditions  than  under  As  stabilized 
conditions.  In  other  words,  they  are  less  willing  to 
be  incorporated  into  the  crystal  under  insufficient 
As  conditions.  Therefore,  the  observed  suiface 
without  facet-like  structures  is  stable  under  these 
conditions  due  to  the  minimization  of  surface 
energy. 

Fig.  2  shows  RHEED  patterns  of  (a)  GaAs 
surface  before  growth  and  (b)  AlAs  surface  during 
growth,  observed  near  the  [110]  azimuth  for  the 
(117)  substrate  under  1,5  X  10 '  *  Torr  of  Asj  flux. 
(Observation  at  a  few  angles  off  the  [110]  azimuth 
made  the  difference  clearer.)  The  patterns  under 
4.5  X  10  Torr  of  ASj  flux  were  the  same  as  in 
fig.  2.  The  pattern  of  the  GaAs  surface  (fig.  2a) 
shows  the  facet-like  structure  as  described  above, 
where  the  streaks  were  not  perpendicular  to  the 
shadow  edge  and  the  averaged  spacing  of  the 
streaks  was  larger  than  that  expected  for  an  ideal 
(117)  surface.  In  contrast,  the  streaks  in  the  pat¬ 
tern  during  AlAs  growth  (fig.  2b)  were  almost 
perpend) "ular  to  the  shadow  edge,  and  the  aver¬ 
aged  spacing  of  the  streaks  was  the  same  as  that 
expected  for  an  ideal  (117)  surface.  This  shows 
that  the  facet-like  structure  di.sappears  when  AlAs 
growth  is  started  on  the  GaAs  surface  in  spite  of 
the  reduced  growth  rate.  The  stronger  bond  en¬ 
ergy  of  AlAs  would  have  A1  atoms,  reaching  step 
.sites,  firmly  incorporated  into  the  crystal  lattice 
even  under  As  stabilized  condition.  Therefore,  the 
initial  growth  of  AlAs  on  this  surface  can  be 
interpreted  in  terms  of  step  flow  growth. 

After  AlAs  growth  was  interrupted.  RHEED 
patterns  observed  for  the  (117)  substrate  were  the 
same  as  those  during  AlAs  growth.  This  confirms 
that  A)  atoms  are  not  .so  mobile  on  the  AlAs 
.surface,  while  Ga  atoms  are  so  mobile  that  they 
easily  leave  the  step  sites  and  change  the  surface 
structure.  This  can  be  attributed  to  the  bonding  of 
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Fig.  2  RHF.F.D  pailern.s  of  (117)  substrate  observed  near  the 
(il(l|  azimuth  under  sufficient  .As  conditions:  (a)  Ga.As  surface 
during  growth  interruption;  (h)  AlAs  surface  during  growth. 
The  shadow  edge  is  parallel  to  the  hon/ontal  edge  of  the 
photograph.  Averaged  streak  posiiiims  are  indicated  by  arrow.s. 
(al  Suggests  the  existence  of  a  rather  disordered  facet. 


.M.As  which  is  stronger  than  that  of  GaAs  [16]. 
The  interpretation  in  terms  of  differing  bond  en¬ 
ergy  is  consistent  with  the  mechanism  of  coherent 
tilted  superlattices  [17].  Although  these  super¬ 
lattices  were  made  by  migration-enhanced  epitaxy, 
the  Al  atoms  were  captured  more  easily  at  the  step 
sites  than  the  Ga  atoms  hecau.se  of  the  stronger 
bonding  of  AlAs. 

The  trend  of  the  (119)  .  ibstrate  was  quite 
similar  to  that  of  the  (117)  substrate  except  for  the 
patterns  of  GaAs  surface  under  As  stabilized  con¬ 
ditions.  Fig.  .1  shows  RHEF.D  patterns  of  the 
(119)  substrate  observed  near  the  [iTO]  a/.imuth 
under  4.5  x  10  ''  Torr  of  AS4  flux.  Figs.  3a.  3b 
and  3c  correspond  to  the  GaAs  surface  during 
growth  interruption,  the  GaAs  surface  during 


growth  and  the  AlAs  surface  during  growth.  The 
pattern  of  the  AlAs  surface  during  growth  inter¬ 
ruption  was  the  same  as  that  during  AlAs  growth 


a 


b 


Fig.  3.  RHERD  patterns  of  (119)  substrate  observed  near  the 
()i0|  azimuth  under  insufficient  As  conditions:  (a)  GaAs 
surface  during  growth  interruption;  (b)  GaAs  surface  during 
gr43wih:  (c)  AlAs  surface  durmg  growth.  The  shadow  edge  is 
parallel  to  ♦he  hori/ontal  edge  of  the  photograph.  Two  differ¬ 
ent  spacings  in  the  right  part  of  (a)  show  the  existence  of  a 
rather  ci>mplicuted  domain. 
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(fig.  3c).  Furthermore,  under  1.5  x  10"'  Torr  of 
AS4  flux,  the  patterns  of  GaAs  were  the  same  as 
seen  in  fig,  3a  and  those  of  ALAs  were  the  same  as 
seen  in  fig.  3c. 

There  were  at  least  two  different  spacings  in  the 
streaks  as  shown  in  fig.  3a,  with  the  streaks  being 
perpendicular  to  the  shadow  edge.  This  suggests 
that  a  complicated  domain  forms  on  the  (119) 
substrate  because  one  of  the  spacings  does  not 
seem  to  have  the  coincident  relation  to  that  ex¬ 
pected  for  an  ideal  (119)  surface.  The  streaks  in 
figs.  3b  and  3c  were  also  almost  perpendicular  to 
the  shadow  edge,  but  the  averaged  spacings  of  the 
streaks  for  both  figures  were  the  same  as  those 
expected  for  an  ideal  (119)  surface.  This  implies 
that  there  are  no  complicated  domains  on  these 
surfaces.  Note  the  difference  in  the  intensity  dis¬ 
tribution  between  figs.  3b  and  3c.  This  suggests 
that  the  atomic  configuration  of  rather  well 
ordered  GaAs  must  be  different  from  that  of 
AlAs, 

If  the  complicated  domain  is  regarded  as  a 
facet-like  structure,  the  phenomena  observed  for 
the  (119)  substrate  can  be  explained  in  the  same 
way  as  the  (117)  substrate. 

From  the  observation  at  the  [110]  azimuth, 
where  electrons  go  across  the  step  edges,  weak  half 
order  streaks  were  observed  on  both  (117)  and 
(119)  GaAs  surfaces  under  As  stabilized  condi¬ 
tions  where  facet-like  structures  were  formed.  Un¬ 
der  conditions  where  facet-like  structures  were  not 
ob.served,  half  order  streaks  were  either  terribly 
weak  or  not  ob.served  at  all.  This  suggests  the 
existence  of  As  dimers  on  the  GaAs  surfaces  with 
facet-like  structures. 

4.  Conclusions 

RHF.ED  observations  indicated  the  difference 
in  growth  properties  of  GaAs  and  AlAs  on  (117) 
and  (119)  substrates.  Facet-like  structures  were 
formed  on  GaAs  surfaces  under  As  stabilized  con¬ 
ditions  either  during  growth  or  during  growth 
interruption.  However,  no  such  structures  were 
observed  on  AlAs  surfaces  under  the  same  condi¬ 
tions.  It  was  confirmed  that  Ga  atoms  migrate 
across  the  step  edges  because  of  the  weaker  bond¬ 
ing  of  GaA^.  while  it  was  interpreted  that  the 


stronger  bonding  of  AlAs  would  cause  the  step 
flow  growth  of  AlAs.  In  addition,  the  surfaces 
without  facet-like  structures  during  GaAs  growth 
with  a  slightly  insufficient  AS4  flux  were  de¬ 
termined  to  be  related  to  small  As  coverage  on  the 
surface. 
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Direct  mea>.urenients  of  (ia  and  In  deMirplion  rales  from  CiaAs  and  InAs  were  made  using  modulated  beam  mass  speelrometrs 
iXIBMS).  r«o  disiinel  temperature  dependences  of  In  desorption  from  InAs  were  obsersed.  One  is  shown  to  he  independent  of 
surface  In  adatom  population  The  inher  is  shown  to  be  dependent  on  In  adatom  population.  They  are  the  rate  limiting  processes  at 
different  temperature  regions  and  are  independent  of  one  another.  We  suggest  the  latter  is  due  to  In  clusters  on  the  surface.  '  nder 
As.,  (la  desorption  is  largely  dominated  b>  a  surface  adatom  independent  process.  ITiwever.  there  is  a  surface  (ia  adatom  dependent 
contribution  at  low  temperatures  under  Asj. 


1.  Introduction 

The  desorption  tif  grt'up  III  elements  during 
molecular  beam  epitaxy  (.MBE)  of  III  V  semicon¬ 
ductors  is  of  great  importance  in  the  control  of  the 
thickness  and  composition  of  the  structures  grown. 
There  are  two  main  techniques  used  in  the  study 
of  this  phenomenon.  One  is  to  observe  the  temper¬ 
ature  dependence  of  the  growth  rate  and  infer  the 
desorption  rate  [1.2|.  The  other  is  to  measure  the 
desorption  flux  directly  using  modulated  beam 
mass  spectrometry  (MBMS)  [3].  Measurement  of 
the  growth  rate  can  be  achieved  in-situ  by 
the  reflection  high  energy  electron  diffraction 
(RHEED)  intensity  oscillation  technique  [4]  or 
ex-situ  by  layer  thickness  measuremeiits  [5].  Al¬ 
though  the  desorption  rate  under  Langmuir  free 
evaporation  can  be  measured  directly  using 


RHEED  intensity  oscillations  [2].  the  requirement 
of  precisely  orientated  substrates  restricts  the  ap¬ 
plication  of  this  method  to  the  investigation  of 
desorption  from  growing  surfaces.  The  MBMS 
technique  can  be  applied  to  either  Langmuir 
evaporation  or  growing  surfaces.  The  absolute  rate 
measurements  can  be  achieved  by  calibration  using 
the  RHEED  intensity  oscillation  method. 

Ga  desorption  from  GaAs  and  (Al.Ga)As  has 
been  studied  extensively.  Using  RHEED,  the 
activation  energies  for  desorption  under  Langmuir 
evaporation  and  uuring  growth  were  measured  as 
4.7  and  4.6  eV,  respectively  [1.2],  This  is  in  agree¬ 
ment  with  the  result  of  Heckingbottom's  calcula¬ 
tion  based  on  a  thermodynamic  approach  [6]. 
However,  there  have  been  conflicting  reports  on 
the  influence  of  other  growth  parameters  such  as 
the  arsenic  flux  and  presence  of  A1  on  the  Ga 
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desorption  rate.  Some  RHEED  obsei  v’ations  have 
shown  no  dependence  on  the  presence  of  Al  and 
arsenic  flux  [7],  whereas  a  recent  non-modulating 
mass  spectrometric  measurement  has  shown  a  re¬ 
duction  in  desorption  rale  as  w'ell  as  reduction  in 
activation  energy  due  to  presence  of  Al  at  high 
temperatures  (8.9],  Our  recent  results  [10]  have 
shown  no  dependence  on  arsenic  flux  and  no 
significant  difference  between  the  Langmuir 
evaporation  and  evaporation  during  growth  of 
GaAs  and  (Al.Ga)As  at  high  temperatures 
(690  °C).  However,  there  is  clear  evidence  of  a 
difference  in  the  desorption  rate  between  the 
growing  and  static  surface  at  the  relatively  low- 
temperature  of  630  “C. 

There  have  been  few  reports  on  the  study  of  In 
desorption  from  InAs  and  (Ga.In)As[l  1.12).  Evans 
and  co-workers  [12]  recently  measured  the  desorp¬ 
tion  rate  of  In  from  InAs  over  the  temperature 
range  of  550 -615  °C  and  obtained  an  activation 
energy  of  4.0  eV.  Their  experiment;  were  per¬ 
formed  at  relatively  high  temperatures  and  an  Asj 
llux  in  excess  of  10'\'m  “  s  ’  was  used. 

Here  we  report  on  measurements  of  the  desorp¬ 
tion  rate  of  group  III  elements  from  ((X)l )  surfaces 
of  GaAs  and  In.As  using  the  MBMS  technique. 
Both  Langmuir  evaporation  and  evaporatit'ii  dur¬ 
ing  growth  are  investigated. 


2.  Experimental  technique  and  results 

The  experimental  facility  consists  of  a  purpo.se 
built  MBE  system  and  MBMS  electronics.  The 
MBE  system  is  diffusion  pumped  with  solid 
sources  of  Ga.  Al.  In  and  As.  The  solid  arsenic- 
source  has  a  hot  “cracker”  so  either  As,  or  Asj 
can  be  supplied  by  varying  the  temperature  of  the 
cracker.  There  are  also  gas  sources  available 
though  they  are  not  u.sed  in  this  study.  The  detec¬ 
tor  used  is  an  E.Al  quadrupole  mass  .spectrometer 
hou.sed  in  a  liquid  nitrogen  cooled  tank.  The  ioni.ser 
has  direct  line  of  sight  to  the  sample  through  a 
modulator  and  is  otherwise  exposed  to  liquid 
nitrogen  cooled  surfaces.  The  MBMS  electronics 
include  a  custom-built  multichannel  scaler,  de¬ 
scribed  in  a  pret  ious  publication  [13]. 

The  molecular  beam  fluxes  used  in  the  experi¬ 
ments  were  set  as  fi>llows: 


=  3.1  X  lO'-'  cm  -  s 

1 

■/l„ 

=  3.1xU)'%-m  -s  ' 
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Fig.  2.  .Measurements  of  the  desorption  rate  of  Cia  from  GaAs  under  Langmuir  evaporation  and  MBF  grow  th  conditions  using  .Asj 


These  fluxes,  including  AS;.  and  Asj  were  mea¬ 
sured  using  RHEED  intensity  oscillation  [4.14). 
The  substrate  temperature  was  measured  by  a 
thermocouple  calibrated  with  a  radiation  pyrome¬ 
ter.  The  In  desorption  experiments  were  per¬ 
formed  on  fully  relaxed  InAs  grown  on  GaAs(OOl) 


surfaces.  Before  measurements  of  Langmuir  evap¬ 
oration  were  taken.  GaAs  or  InAs  was  grown  for 
10  min  at  580  and  4.80  °C.  respectively.  The  sub¬ 
strate  was  then  set  to  the  desired  temperature  and 
allowed  to  settle.  The  measurements  during  Lang¬ 
muir  evaporation  and  during  growth  were  taken 


1000 /T(K'’) 

Fig.  3.  Measuremenis  of  the  desorption  rale  of  In  from  InAs  under  Langmuir  evaporation  and  MBK  growth  conditions  using  Ass. 
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sequentially.  The  results  are  shown  in  the  follow¬ 
ing  three  figures. 

The  logarithmic  (natural)  desorption  rate  of  Ga 
from  GaAs  surfaces  maintained  by  a  constant  flu.x 
of  As-  molecules  is  plotted  against  inverse  tem¬ 
perature  in  fig.  1.  Both  Langmuir  evaporation  and 
growing  conditions  are  shown.  There  is  little  dif¬ 
ference  in  the  desorption  rate  between  the  two 
cases  and  the  activation  energy  for  desorption  is 
approximately  4.0  eV.  Similar  experiments  were 
performed  on  a  GaAs  surface  using  AS4  and  the 
results  are  shown  in  fig.  2.  In  this  case  the  desorp¬ 
tion  rate  during  growth  was  generally  higher  than 
that  under  Langmuir  evaporation.  Activation  en¬ 
ergies  of  2.9  and  3.6  eV  were  obtained  for  growth 
and  Langmuir  evaporation,  respectively. 

Fig.  3  shows  the  desorption  data  of  In  from  an 
InAs  surface  maintained  by  a  beam  of  As-  mole¬ 
cules.  In  the  case  of  Langmuir  evaporation,  two 
different  temperature  dependences  are  clearly 
shown.  From  temperatures  of  460  °C  upwards,  a 
rate  limiting  prtKess  with  an  activation  energy  of 
4.0  eV  exists,  whereas  a  different  process  with 
activation  energy  of  0.8  eV  exists  below  460  °C. 
Under  growth  conditions,  the  desorption  rate  is 
generally  higher  than  the  Langmuir  evaporation 
ca.se.  Towards  the  high  temperature  region  covered 
in  this  experiment,  the  relative  difference  between 
the  growth  and  Langmuir  evaporation  conditions 
is  reduced  compared  with  the  low  temperature 
region. 

.3.  Discussion 

The  results  of  In  desorption  during  Langmuir 
evaporation  exhibit  two  different  temperature  de¬ 
pendences  at  temperatures  above  and  below 
460  °C.  Let  the  two  rate  limiting  pRKesses  with 
activation  energies  of  4.0  and  0.8  eV  be  called  A 
and  B.  These  two  processes  must  be  independent 
of  one  another.  That  is.  they  are  not  different 
pRK’esses  in  the  same  In  desorption  path.  If  the 
contrary  is  true,  then  process  B  should  have  been 
the  rate  limiting  step  at  temperatures  above  460  °C 
since  its  projected  rates  at  those  temperatures  are 
much  smaller  than  those  observed  and  prwe.ss  A 
would  not  have  been  present.  The  activation  en¬ 


ergy  of  process  A  agrees  with  that  measured  by 
Evans  et.  al.  [12]  at  higher  temperatures  during 
growth.  The  agreement  of  this  activation  energy 
and  the  reduction  of  the  difference  in  desorption 
rate  between  Langmuir  evaporation  and  growth 
with  increasing  temperature  suggest  that  process 
A  is  the  same  as  the  one  ob.served  by  Evans  [121. 
The  value  of  4.0  eV  for  the  activation  energy 
indicates  that  the  process  involves  the  dis.sociation 
of  InAs.  Therefore,  at  temperatures  above  those 
covered  by  the  present  experiment,  the  difference 
in  desorption  rate  during  Langmuir  evaporation 
and  during  growth  would  become  insignificant.  At 
low'er  temperatures,  the  de.sorption  rate  of  In  dur¬ 
ing  growth  is  much  larger  than  the  corresponding 
rate  under  Langmuir  evaporation  conditions.  The 
activatioi.  energy  is.  however,  slightly  lower  than 
in  process  B.  If  the  desorption  mechanism  is  the 
same,  then  the  large  difference  in  de.sorption  rate 
suggests  that  process  B  is  dependent  on  the  surface 
In  adatom  population.  The  likely  source  of  In  is 
therefore  small  In  clusters. 

The  desorption  rate  of  Ga  from  GaAs  under  an 
As-  beam  did  not  show  a  significant  difference 
between  Langmuir  evaporation  and  growth.  The 
activation  energy  obtained  is  similar  to  that  ob¬ 
tained  using  the  RHEED  technique  [1.2].  The 
corre.sponding  rate  limiting  prcx-ess  is  therefore 
independent  of  the  surface  Ga  adatom  population. 
With  an  Asj  beam  however,  a  lower  activation 
energy  is  observed  and  the  desorption  rate  from  a 
growing  surface  is  higher  than  that  from  a  static 
surface.  The  difference  between  the  two  surfaces, 
as  in  the  case  of  InAs  under  Asj.  reduces  when 
the  temperature  is  increased.  The  activation  en¬ 
ergy  is  also  influenced  by  the  introduction  of  a  Ga 
beam.  Therefore  the  desorption  prt->cess  must  be 
dependent  on  the  surface  Ga  population.  If  Ga 
behaves  in  a  similar  way  to  In  over  InAs  below 
460  °C.  then  the  corresponding  Ga  desorption 
mechanism  could  also  be  due  to  clusters  of  Ga  on 
the  surface. 

The  desorption  prixess  which  is  dependent  on 
the  .surface  adatom  population  is  dominated  by 
other  independent  pr(x,-esses  at  high  temperature. 
This  could  explain  why  the  Ga  desorption  rate  is 
dependent  on  arsenic  overpre.ssure  and  Al  flux  at 
high  and  low  temperatures  [13[. 
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4.  Summarj 

It  is  shown  through  desorption  rate  measure¬ 
ments  that  the  desorption  rate  is  dominated  by  an 
adatom  independent  process  at  high  temperatures. 
At  lower  temperatures,  other  desorption  processes 
dependent  on  the  surface  adatom  population  start 
to  contribute  towards  desorption. 
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We  have  intentionallv  introduced  AsO  during  the  growth  of  GaAs  and  AIGaAs  to  study  its  effects  on  the  dampening  of  RHEED 
oscillations  and  the  photolumincscence  (PL)  of  quantum  well  (QW)  structures.  The  amount  of  AsO  was  found  to  increase  as  the 
temperature  of  the  cracking  section  of  our  As  source  was  increased.  The  dampening  of  the  RHEED  oscillations  for  GaAs  and 
AIGaAs  were  studied  as  the  amount  of  AsO  was  increased.  We  found  that  the  dampening  of  the  AIGaAs  increased  with  increasing 
AsO  concentrations.  Little  effect  was  found  upon  the  dampening  of  the  GaAs.  PL  of  QW  samples  grown  with  increasing  AsO 
displaced  a  dramatic  decrease  in  the  integrated  intensity  and  an  equally  dramatic  increase  in  the  transition  linewidths.  After  reducing 
the  AsO  contamination,  the  experiments  were  repeated.  The  RHEED  dampening  became  essentially  independent  of  the  cracking 
section  temperature  The  PL  of  the  QW  layers  was  also  dramatically  improved.  However,  the  PL  still  displayed  a  trend  toward  lower 
integrated  intensity  and  larger  linewidths  as  the  cracking  temperature  was  increased.  PL  is  thus  an  extremely  sensitive  tool  for 
determining  the  presence  of  AsO  at  low  levels  in  an  MBE  system. 


1.  Introduction 

Molecular  beam  epitaxy  (MBE)  is  a  well  known 
crv.stal  growing  technique  used  in  the  production 
of  compound  .semiconductor  devices  [1].  Ex¬ 
tremely  important  to  MBE  is  the  in  situ  monitor¬ 
ing  of  growth  processes  by  reflection  high  energy 
electron  diffraction  (RHEED)  (ij.  RHEED  is 
routinely  used  to  measure  the  growth  rate  and  the 
column  V  to  column  III  flux  ratio  [3,4],  and  has 
al.so  been  used  to  optimize  the  growth  of  quantum 
well  (QW)  structures  by  monitoring  the  average 
(damped)  intensity  [5.6].  Another  aspect  of  the 
RHEED  intensity  oscillations  which  may  be  used 
as  a  diagnostic  tool  for  crystal  growth  is  the 
dampening  of  the  oscillation  [7,8].  As  part  of  a 
study  of  the  dampening  of  the  RHEED  oscilla¬ 
tions.  we  examined  the  effects  AsO  would  have  on 
the  growth  of  GaAs  and  AIGaAs.  These  data 
could  then  be  compared  to  photoluminescence 
(PL)  data  which  were  expected  to  be  sensitive  to 
the  presence  of  AsO. 


2.  Experiment 

The  samples  in  this  study  were  grown  in  a 
Varian  Gen  11  MBE  system  using  a  cryopump  on 
the  growth  chamber  instead  of  an  ion  pump.  Sam¬ 
ple  substrates  consisted  of  5  mm  squares  of  (100) 
undoped  .semi-insulating  GaAs.  A  two-zone  As 
cracking  source  developed  in  our  laboratory  was 
used  to  supply  As^  during  growth  [9].  The  sub- 
limator  zone  of  the  source  was  loaded  with  Fur- 
ukawa  7N  As  granules.  The  Ga  flux  was  supplied 
by  a  stock  Varian  40  cc  cell  loaded  with  Alcan  8N 
Ga.  The  A1  flux  was  .supplied  by  a  custom  built 
hot-lipped  16  cc  cell  loaded  with  a  single  crystal 
Atomergic  6N  A1  ingot.  The  system  was  then 
baked  for  four  days  while  the  cracking  section  was 
kept  at  around  600  °C.  During  the  proce.ss  of 
growing  a  series  of  quantum  well  (QW)  structures, 
a  degradation  in  the  PL  of  these  structures  was 
noted  as  the  cracking  voltage  was  increased.  A 
residual  gas  analysis  (RGA)  of  the  chamber  using 
a  UTl  lOOC  mass  analyzer  revealed  the  presence 


0022-024«/9l /$03.50  ^  1991  -  Elsevier  Science  Publishers  B.V.  (North-Holland) 


T.R.  Blwk,  B  ii.  Streetman  /  Dampening  of  RHEED  oscillations  and  PL  of  QWs  in  presence  of  AsO 


Fig,  1,  Schematic  cross-.seciion  of  QW  la>ers  grown  ft>r  PL 
sludv.  ,Al  mole  fraction  of  O.L 


of  a  small  amount  of  mass  91  peak  (AsO)  during 
growth  [10],  The  mass  91  peak  was  found  to 
increase  with  increasing  cracking  temperature,  and 
varied  from  less  than  1  x  10  '  to  4  x  10  ’’  A  for 
cracking  temperatures  between  540  and  760  °C. 
This  presented  the  opportunity  of  introducing  a 
controlled  amount  of  AsO  into  the  films  during 
growth  to  study  its  effects  on  both  the  PL  of  QW 
structures  and  the  dampening  of  RHF.FD  oscilla¬ 
tions. 

The  samples  grown  for  PL  consisted  of  a  1  /am 
buffer  of  GaAs  followed  by  a  set  of  four  QWs  of 
19,  11.  and  5  monolayers  (ML)  of  GaAs  sep¬ 
arated  by  177  ML  (500  A)  barriers  of  Al,,  ,Gai,-As. 
as  shown  in  fig.  1.  All  samples  were  grown  at  a 
nominal  temperature  of  620  °C  with  a  GaAs 
growth  rate  of  0.7  ML/s  and  an  AlAs  growth  rate 
of  0.3  ML/s.  An  attempt  was  made  to  keep  all 
growth  parameters  the  same  except  for  the  tem¬ 
perature  of  the  As  cracking  section.  The  As  crack¬ 
ing  temperature  was  varied  between  540  and 
760  °C.  The  cracking  section  would  normally  be 
operated  in  this  temperature  range  for  a  beam  of 
predominantly  Asj.  The  cracking  temperature  was 
measured  using  a  Vanzetti  EITM2  dual  wave¬ 
length  pyrometer  (no  further  corrections  were 
made  to  the  measured  temperature).  The  As/Ga 
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ratio  was  kept  within  the  range  from  1.6  to  1.8. 
For  this  As  overpressure  the  measured  ratio  of  As 
to  Ga  +  Al  was  found  to  be  also  in  the  range  of 
1.6  to  1.8.  The  first  .series  of  four  samples  were 
then  grown  at  different  cracking  temperatures. 

After  the  growth  of  the  first  .series  of  samples, 
the  cracking  section  was  baked  at  maximum  power, 
resulting  in  a  temperature  in  excess  of  1000  °C. 
Shutter  and  cracking  temperature  dependence  dur¬ 
ing  the  bake  indicated  the  A.sO  was  either  coming 
directly  from  the  cracking  section  or  from  the 
radial  vane  cryo-shrouding  around  the  cell.  To 
assist  in  backing  this  cryo-shrouding.  liquid 
nitrogen  cooling  to  the  radial  vane  was  turned  off 
and  the  cells  adjacent  to  the  As  cell  were  run  at 
elevated  temperatures.  During  this  bake,  the  mass 
91  peak  increased  to  about  1  x  10  "  A  and  then 
started  to  decrease.  After  three  days  the  peak 
leveled  out  at  0.5  x  10  A  and  the  bake  was 
terminated.  When  the  wheel  was  subsequently 
cooled  with  LN,  there  was  no  detectable  AsO  in 
the  system,  perhaps  indicating  that  it  had  indeed 
come  from  the  cryo-shrouding.  Recently.  Sacks  et 
al.  (11)  have  reported  S  contamination  arising 
from  the  cryo-shrouding  around  their  As  cracking 
section.  After  baking,  a  second  series  of  four  sam¬ 
ples  were  then  grown  under  the  same  conditions 
as  the  previous  series.  There  was  no  detectable 
mass  91  present  during  this  second  series. 

Prior  to  the  growth  of  each  of  the  eight  samples 
described  above.  RHEED  data  was  taken  on  the 
growth  oscillations  of  GaAs  and  AlGaAs  to  de¬ 
termine  the  amount  of  dampening  of  the  RHEED 
oscillations.  A  10  keV  electron  beam  was  used  at 
an  angle  of  incidence  of  about  1.0°  along  the 
twofold  direction  of  the  2x4  reconstruction.  For 
each  run  approximately  0.75  /am  would  be  grown, 
then  seven  GaAs  spectra  and  seven  AlGaAs  spec¬ 
tra  would  be  taken,  followed  by  the  growth  of  the 
rest  of  the  buffer  and  then  the  QW  layers. 

After  growth,  the  PL  of  each  sample  was  meas¬ 
ured.  The  .samples  were  mounted  in  a  cryostat  and 
cooled  to  4  K,  immersed  in  liquid  He.  The  sam¬ 
ples  were  excited  with  the  514.5  nm  line  of  an 
Argon  ion  laser  at  a  power  density  of  1  W/cm^ 
The  luminescence  was  pas.sed  through  aim  single 
grating  spectrometer.  The  entrance  and  exit  slits 
were  set  so  that  the  broadening  of  each  peak  due 
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to  the  slits  was  always  much  less  than  the  peak’s 
intrinsic  full  width  at  half  maximum  (FWHM). 
The  PL  intensity  was  detected  using  photon 
counting  from  a  cooled  GaAs  detector.  From  the 
PL  measurements  we  determined  the  peak  posi¬ 
tion  of  each  QW  transition,  the  FWFIM  linewidth 
of  each  transition,  and  the  absolute  and  integrated 
intensity  of  each  sample. 

3.  Photoluminescence  results 

The  PL  of  the  four  samples  grown  before  the 
bake  are  shown  in  fig.  2.  The  intensity  of  the 
spectrum  in  fig.  2a  was  used  as  the  standard  for 
the  relative  intensity  scale.  As  the  cracking  tem¬ 
perature  is  increased  the  intensity  of  the  PL  drop.s. 
becoming  dramatically  lower,  as  seen  in  fig.  2d. 
The  integrated  intensities  from  680  to  810  nm  for 
the.se  samples  are  shown  in  fig.  3  (lower  cur\'e). 
Here  it  is  .seen  that  the  integrated  intensity  drops 
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Fig.  2.  PL  spectra  of  the  four  samples  grown  before  the  bake  of 
the  As  cracking  section.  Samples  grown  at  cracking  tempera¬ 
tures  of  (a)  540°C.  (b)  blO'C.  (c)  bW’C.  and  (d)  TbO'C  are 
shown. 


Cracking  Temperature  (‘’C) 

Fig  .1.  Integrated  PL  intensity  of  samples  grown  before  and 
after  bake  of  the  .As  cracking  section. 

by  two  orders  of  magnitude  over  the  cracking 
temperature  range.  These  integrated  intensities  are 
very  similar  to  those  of  QW  .samples  grown  at 
different  cracking  temperatures  at  the  time  the 
AsO  contamination  was  di.scovered.  This  indicates 
the  generation  of  AsO  with  cracking  temperature 
was  very  reproducible  and  stable.  The  presence  of 
O;  during  the  growth  of  AlGaAs  is  known  to 
decrease  the  PL  intensity  (12).  This  has  been  at¬ 
tributed  to  an  aluminum-oxygen  complex  [13]. 
The  measured  FWHM  linewidths  are  shown  in 
fig.  4  for  the  various  cracking  temperatures.  A 
pronounced  trend  in  this  data  is  the  broadening  of 
the  linewidths  over  the  cracking  temperature  range. 
The  linewidths  for  the  sample  shown  in  fig.  2d 
were  extremely  broad  and  are  not  displayed  in  fig. 
4. 

The  PL  of  the  four  samples  grown  after  the  As 
source  was  cleaned  up  are  shown  in  fig.  5.  These 
.samples  show  a  dramatic  improvement  in  both 
intensity  and  linewidth.  The  integrated  intensities 
for  these  samples  are  shown  in  fig.  3  (upper  curve). 
Under  the  ,same  growth  conditions  as  the  first 
.series,  the  integrated  intensities  for  the  second 
series  are  between  30  and  300  times  higher.  Ad¬ 
ditionally.  the  integrated  intensities  drop  only  one 
order  of  magnitude  over  the  cracking  temperature 
range,  compared  with  a  drop  of  two  orders  of 
magnitude  for  the  first  series  of  .samples.  The 
measured  FWHM  linewidths  for  the  samples  of 
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Well  width  (ML) 

Fig.  4.  Variation  in  the  FWHM  PL  linewidth  of  the  .sample.s 
grown  before  the  bake.  Samples  grown  at  cracking  tempera¬ 
tures  of  (a)  540°C,  (b)  blO^C.  and  (c)  690°C  are  shown. 
(Linewidths  of  sample  grown  at  760 ‘’C  tix>  large  to  display.) 


Well  width  (ML) 

Fig.  6.  Variation  in  the  FWHM  PL  linewidth  of  the  samples 
grown  after  the  bake.  Samples  grown  at  cracking  temperatures 
of  (a)  540“C'.  (b)  610“C.  (c)  690°C.  and  (d)  760°C  are 
shown. 
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Ftg.  5.  PL  spectra  of  the  four  samples  grown  after  the  hake  of 
the  As  cracking  section.  Samples  grown  at  cracking  tempera¬ 
tures  of  (a)  540 °C.  (b)  610° C.  (c)  690 °C.  and  (d)  760 °C'  arc 


the  second  series  are  shown  in  fig.  6.  The  QW 
transitions  are  uniformly  sharper  after  baking  the 
cracking  section.  The  linewidth  for  the  samples 
.shown  in  figs.  5a  and  5b  are  comparable  to  those 
published  in  the  literature  [14].  The  large  improve¬ 
ment  .seen  in  the  photoluminescence  demonstrates 
the  importance  of  removing  AsO  from  the  system. 
However,  the  fact  remains  that  after  the  bake  we 
will  see  a  decrea.se  in  the  integrated  intensity  and 
an  increase  in  the  linewidth  as  the  cracking  tem¬ 
perature  is  increased.  We  attribute  this  degrada¬ 
tion  to  residual  AsO  present  below  our  detection 
limits,  which  points  out  the  difficulty  of  com¬ 
pletely  removing  the  AsO. 

4.  RHEED  dampening  results 

The  RHEED  oscillation  data  was  taken  to  de¬ 
termine  what  effect  the  AsO  might  have  upon  the 
dampening  of  the  oscillations.  This  work  is  part  of 
a  larger  study  lO  understand  the  causes  of  the 
dampening  and  determine  any  diagnostic  u.se  they 
may  have.  For  the  first  .second  of  each  spectrum 
only  the  As  shutter  was  open  to  establish  the 
initial  intensity  of  the  As  stabilized  surface;  then 
the  metal  shutters  were  opened  (60  s  for  GaAs  and 
45  for  AlGaAs)  and  the  intensity  oscillated  as  the 
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layer  grew.  Then  the  metal  shutters  were  closed 
again  and  the  intensity  recovered  as  the  surface 
smoothed.  After  each  AlGaAs  spectrum  GaAs 
was  grown  to  smooth  the  surface. 

The  dampening  of  the  oscillations  was  de¬ 
termined  by  extracting  the  normalized  oscillation 
heights  and  fitting  them  with  a  single  exponential. 
While  most  of  the  spectra  seem  to  have  both  a  fast 
and  a  slow  component  to  the  dampening,  and  are 
thus  best  fit  by  two  exponentials,  there  is  enough 
variance  in  the  fit  to  make  it  difficult  to  compare 
spectra  to  one  another.  For  the  purposes  of  this 
paper,  therefore,  only  a  single  exponential  fit  will 
be  used.  In  fitting  the  data  the  first  monolayer 
(starting  intensity  to  1st  valley  to  1st  peak)  was 
ignored.  The  remaining  peak-to-valley  (P-V,  \nd 
valley-to-peak  (V-P)  heights  were  then  de¬ 
termined  and  the  oscillation  height  defined  to  be 
the  geometric  mean  of  each  pair  of  P-V  and  V-P 
(this  was  done  to  reduce  the  effect  of  noise  on  the 
spectra).  All  the  oscillation  heights  were  then  nor¬ 
malized  by  the  first  oscillation  height.  This  series 
of  heights  was  plotted  versus  oscillation  number 
(i.e.  monolayer)  and  fitted  with  a  single  exponen¬ 
tial.  From  this  a  dampening  constant  in  mono- 
layers  was  determined,  which  represents  how  many 
layers  can  be  grown  before  the  oscillation  height 
decays  by  e  '.  The  extracted  oscillation  height 
data  and  fit  for  an  AlGaAs  RHEED  spectrum  are 
shown  in  fig.  7.  Seven  spectra  of  both  GaAs  and 
AlGaAs  were  taken  at  each  growth  condition  to 
determine  the  mean  and  variance  of  the  exponen¬ 
tial  fit.  This  treatment  allows  one  to  compare 
dampening  independent  of  the  growth  rate  or 
electron  beam  intensity.  An  additional  benefit  of 
treating  the  data  in  this  way  is  its  relative  insensi¬ 
tivity  to  drift  of  the  electron  beam  due  to  charging 
phenomena. 

The  presence  of  AsO  primarily  affects  the 
dampening  of  the  AlGaAs.  Fig.  8  shows  the 
RHEED  oscillations  for  AlGa.As  at  different 
cracking  temperatures  before  the  bake.  These  cor¬ 
respond  to  the  PL  spectra  shown  in  fig.  2.  The 
oscillations  are  damped  more  as  the  cracking  tem¬ 
perature  is  increased.  The  measured  dampening 
constants  for  these  curves  are  shown  in  fig.  9 
(lower  curve,  fitted  with  a  least  squares  line).  The 
dampiening  constant  decreases  from  19  +  1.7  ML 


Fig.  7.  Extracted  oscillation  heights  and  exponential  fit  for 
AlGaAs  RHEED  oscillations  at  As  cracking  temperature  of 
540  °  C  before  the  bake. 

to  12  ±  1  ML.  One  should  also  note  the  lack  of 
recovery  of  the  intensity  in  fig.  8d  (corresponding 
to  PL  spectra  fig.  2d).  The  RHEED  oscillations 
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Fig.  8.  RHEED  oscillations  for  four  samples  grown  before  the 
bake.  Samples  grown  at  cracking  temperatures  of  (a)  540 
(b)  610 °C.  (c)  690 and  (d)  760 ®C  are  shown. 
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Cracking  Temperature  (°C) 

Fig.  9.  Fitted  dampening  constants  to  AIGaAs  RHEED  oscil¬ 
lations.  I  ML/s  growth  rate,  before  and  after  baking  the  As 
cracking  .section.  Error  bars  repre.sent  one  standard  deviation 
in  the  repeatability  of  the  measurement. 


Cracking  temperature  (°C) 

Fig.  11.  Fitted  dampening  constants  to  GaAs  RHEED  oscilla¬ 
tions.  0.7  ML/s  growth  rate,  before  and  after  baking  the  As 
cracking  section.  Error  bars  represent  one  standard  deviation 
m  the  repeatability  of  the  measurement. 


taken  after  the  bake  are  shown  in  fig.  10  and  the 
dampening  constants  in  fig.  9  (upper  curve,  fitted 
with  a  least  squares  line).  There  is  no  detectable 
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Fig.  10  RHF.FID  oscillations  for  four  samples  grown  after  the 
bake.  Samples  grown  at  cracking  temperatures  of  (a)  S4()“C'. 
(b)  610°  C.  (c)  690 °C.  and  (d)  760 °('  are  shown. 


increase  in  the  dampening  after  the  bake.  This  is 
in  contrast  to  the  PL  result  which  degraded  with 
increasing  cracking  temperature  after  the  bake. 

The  GaAs  dampening  constants  are  shown  in 
fig.  11.  These  results  show  a  generally  constant 
dampening  of  the  GaAs  before  and  after  the  bake. 
Somewhat  puzzling  are  the  smaller  values  ob¬ 
tained  at  the  lower  cracking  settings  after  the 
bake,  primarily  the  one  point  at  610  °C.  This  r.'ay 
have  resulted  from  a  lack  of  adequate  control  of 
all  the  variables.  Nonetheless,  the  data  as  a  whole 
indicate  the  dampening  of  the  GaAs  was  relatively 
unaffected  by  the  presence  of  AsO. 


5.  Discussion  and  conclusions 

The  dramatic  effect  of  AsO  on  the  PL  of  QW 
structures  demonstrates  the  sensitivity  of  this  mea¬ 
surement.  AsO  resulted  in  both  a  large  decrea.se  in 
the  integrated  intensity  and  a  broadening  of  the 
QW  linew'idths.  There  has  been  much  di.scu.ssion 
recently  over  the  relevance  of  PL  linewidth  to 
interface  quality  or  smoothness  in  QW  .samples 
1 15- 17].  For  these  samples,  the  combination  of 
both  decreasing  intensity  and  increa.sing  linewidth 
argue  that  the  samples  become  “worse"  (optically) 
as  AsO  is  introduced.  The  importance  of  this 
comes  not  when  AsO  is  detectable  by  RGA.  but 
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rather  when  it  is  not  measurable.  The  integrated 
intensity  and  linewidth  of  QW  transitions  in  PL 
offers  an  extremely  sensitive  diagnostic  tool  for 
determining  the  presence  of  AsO  at  low  levels  in 
an  MBE  system. 

The  degradation  of  the  PL  was  correlated  with 
increased  dampening  of  AlGaAs  RHEED  oscilla¬ 
tions  when  AsO  was  measurable.  When  no  AsO 
was  detectable,  the  dampening  of  the  AlGaAs 
oscillations  became  constant.  The  presence  of  AsO 
seems  to  have  had  little  effect  on  the  RHEED 
oscillations  of  GaAs.  The  simplest  explanation  of 
these  results  would  be  that  the  AsO  strongly  binds 
the  Al  atoms  incident  on  the  surface,  reducing 
their  surface  mobility.  This  would  have  the  effect 
of  making  the  surface  rougher,  broadening  the  PL 
linewidths.  Consistent  with  this  suggestion  is  the 
lack  of  the  RHEED  intensity  recovery  at  maxi¬ 
mum  .A.sO  exposure.  The  incorporation  of  oxygen 
into  the  films  would  decrease  the  PL  intensity. 

It  is  possible  that  the  dampening  of  the  RHEED 
oscillations  could  be  u.sed  as  a  gross  diagnostic 
tool  for  AsO  contamination,  but  in  its  sensitivity 
range  residual  gas  analysis  is  much  simpler.  Fur¬ 
thermore.  interpreting  the  dampening  of  RHEED 
oscillations  is  very  difficult.  The  dampening  has 
been  found  to  depend  on  the  .As  overpre.ssure  [18). 
angle  of  incidence  (potentially  strong  effect), 
a/.imuthal  angle  (relatively  weak  effect),  sample 
position  in  the  chamber  (surprisingly  strong  ef¬ 
fect).  as  well  as  other  parameters  [19.20).  Thus 
comparing  dampening  figures  requires  strict  con¬ 
trol  of  all  these  variables.  At  this  point  it  is 
unclear  whether  the  dampening  of  the  RHEED 
oscillations  can  be  used  for  reliable  diagnostics 
during  the  growth  pr^niess. 
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Application  of  frequency-domain  analysis  to  RHEED  oscillation  data; 
time  dependence  of  AlGaAs  growth  rates 
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Frequency-domain  techniques  have  been  applied  to  the  analysis  of  RHEED  oscillation  data  taken  during  MBE  growth  of  AlGaAs 
at  substrate  temperatures  from  580  to  790®C  and  at  various  V/III  ratios.  In  addition  to  permitting  rapid  and  highly  accurate 
measurements  of  RHEED  oscillation  frequencies  under  normal  growth  conditions,  frequency-domain  techniques  allow  these 
frequencies  to  be  determined  when  the  RHEED  data  are  loo  noisy  to  be  analyzed  by  conventional  time-domain  techniques. 
Frequency-domain  techniques  also  have  the  capability  of  analyzing  the  time  evolution  of  the  RHEED  frequencies  obtained 
immediately  after  growth  is  restarted  following  interruption  of  the  group  III  flux.  For  AlGaAs  growth  at  substrate  temperatures 
above  700° C.  we  have  observed  that  the  frequency  decreases  substantially  during  deposition  of  the  first  few  monolayers.  This 
variation  leads  to  errors  in  growth  rates  evaluated  by  ccnventional  RHEED  analysis. 


1.  Introduction 

For  the  analysis  of  reflection  high-energy  dif¬ 
fraction  (RHEED)  oscillation  data  obtained  dur¬ 
ing  MBE  growth,  frequency-domain  techniques 
[1,2)  such  as  the  fast  Fourier  transform  offer  a 
number  of  advantages  over  the  conventional  time 
domain  method,  which  utilizes  graphical  analysis 
of  intensity-versus-time  plots.  The  frequency- 
domain  techniques  permit  the  oscillation  frequenc'' 
to  be  determined  more  rapidly  and  precisely,  to  be 
evaluated  from  even  a  single  oscillation,  and  to  be 
extracted  from  data  that  cannot  be  analyzed  by 
the  conventional  technique  because  the  oscilla¬ 
tions  are  too  weak  to  be  detected  by  visual  inspec¬ 
tion.  The  latter  capability  permits  the  assessment 
of  the  validity  of  an  assumption  that  is  often  made 
in  performing  MBE  growth  experiments,  namely, 
that  the  growth  rate  determined  from  RHEED 
oscillations  observed  in  the  early  stages  of  growth 
is  the  same  as  the  rate  during  the  later  stages, 
when  oscillations  are  no  longer  visible. 

We  have  chosen  to  investigate  the  growth  of 
AlGaAs  at  high  substrate  temperatures,  since  such 
growth  is  required  in  the  fabrication  of  a  variety 
of  electronic  and  optoelectronic  devices.  For  tem¬ 
peratures  above  700 '’C.  the  RHEED  oscillation 


frequency  decreases  substantially  during  deposi¬ 
tion  of  the  first  few  monolayers. 


2.  Experimental  procedure 

A  Vanan  GLN  II  modular  75  mm  MBE  system 
was  used  for  the  growth  of  AlGaAs  and  GaAs 
layers  on  semi-insulating  GaAs  substrates  bonded 
with  In  to  Mo  mounting  blocks.  The  substrates 
were  prepared  by  chemical  cleaning  and  etching 
followed  by  oxide  desorption  at  ~  600  °  C  in  the 
MBE  growth  chamber  under  an  As  flux.  Substrate 
temperatures  were  measured  with  a  narrow-band 
optical  pyrometer  positioned  to  view  the  substrate 
in  the  growth  position.  Emissivity  values  em¬ 
ployed  in  the  pyrometer  measurements  were  de¬ 
termined  by  calibration  experiments  based  on  ob¬ 
servations  of  the  InSb  melting  point  and  the  for¬ 
mation  of  the  Al-Si  eutectic.  Relative  substrate 
temperatures  were  monitored  with  a  thermocouple 
located  below  the  mounting  block.  The  steady- 
state  Ga  and  A1  source  fluxes  were  adjusted  to 
give  GaAs  growth  rates  of  0.9  to  1.0  pm/h  and 
AlAs  growth  rates  of  0.3  to  0.4  jim/h.  Beam- 
equivalent  pressures  for  the  Ga,  Al,  and  As  fluxes 
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were  determined  from  readings  on  an  ion  gauge 
located  in  the  growth  position.  Initial  Ga  and  Al 
flux  transients  were  determined  by  computerized 
recording  of  the  ion  gauge  readings  for  a  few 
m  nutes  after  the  opening  of  the  source  shutters. 
The  Ga  and  AI  fluxes  decreased  by  less  than  2% 
and  5%.  respectively.  The  AS4  flux  was  varied  to 
give  uncorrected  beam-equivalent  V /III  ratios  be¬ 
tween  7  : 1  and  20:1. 

The  computerized  measurement  system  used 
for  frequency-domain  analysis  has  been  described 
previously  {!].  Briefly,  the  system  is  based  on  the 
observation  of  RHEED  intensities  by  a  TV  camera 
focused  on  the  phosphor  screen.  The  intensity 
data  for  a  selected  pixel  are  digitized  and  read  into 
a  desktop  computer  for  frequency  analysis.  In 
each  frequency  determination,  data  are  collected 
for  30  or  60  s  at  rates  of  70  and  30  samples/s 
respectively,  then  analyzed  to  obtain  the  power 
spectrum,  after  which  a  simple  peak  location  al¬ 
gorithm  is  employed  to  extract  the  frequency.  For 
these  times  and  sampling  rates  it  is  predicted  that 
the  frequency  can  be  measured  with  an  uncer¬ 
tainty  as  low  as  +0.003  Hz.  This  value  has  been 
confirmed  by  the  reproducibility  of  the  frequency 
values  measured  on  GaAs  depositions  performed 
under  the  same  growth  conditions.  The  uncer¬ 
tainty  is  higher  for  especially  noisy  spectra. 

In  performing  a  set  of  oscillation  frequency 
measurements,  a  GaAs  buffer  layer  at  least  1  /im 
thick  was  first  deposited  on  the  substrate  at 

-  550  °C,  followed  in  most  cases  by  deposition  of 

—  0,1  /im  of  AlGaAs  at  this  temperature.  The  Al 
and  Ga  shutters  were  then  closed  for  -  30  s,  data 
collection  was  started,  the  Al  and  Ga  shutters 
were  reopened,  and  intensity  data  for  the  specular 
reflection  in  the  (011)  azimuth  were  collected  for 
the  desired  time.  The  substrate  temperature  was 
then  increased  and  allowed  to  stabilize,  the  Al  and 
Ga  shutters  were  closed,  and  the  procedure  was 
repeated.  As-stabilized  surface  reconstructions 
were  maintained.  Generally  the  experiments  were 
performed  at  a  series  of  successively  higher  tem¬ 
peratures.  If  a  measurement  was  then  repeated  at 
one  of  the  lower  temperatures,  the  frequency  was 
found  to  be  the  same  as  the  value  measured  earlier. 
In  experiments  at  temperatures  below  700  °C,  the 
frequency  was  found  to  be  the  same  for  AlGaAs 


growth  directly  on  GaAs  as  for  growth  on  an 
AlGaAs  layer;  at  higher  temperatures,  growth 
could  not  be  performed  directly  on  GaAs  because 
of  the  difficulty  of  maintaining  an  As-stabilized 
GaAs  surface. 


3.  Results 

In  fig.  1,  the  RHEED  oscillation  frequencies 
measured  in  two  sets  of  AlGaAs  growth  experi¬ 
ments  are  plotted  against  substrate  temperature 
over  the  range  from  580  to  790  °C.  In  one  set  of 
experiments  the  V/III  beam-equivalent  pressure 
ratio  was  7.3  and  the  ratio  of  Al  flux  to  the  total 
group  III  flux  was  0.31  (yielding  Al,Ga,_jAs 
layers  with  x  =  0.31  if  the  sticking  coefficient  is 
unity  for  both  Ga  and  Al),  while  in  the  other  set 
these  ratios  were  19  and  0.33,  respectively.  The 
frequency  values  were  obtained  by  analysis  of 
data  collected  for  60  s  after  opening  the  Ga  and 
Al  shutters.  As  previously  reported  [3],  the  per- 
siste.ice  of  the  observed  oscillations  varied  with 
substrate  temperature,  with  the  oscillations  most 
clearly  visible  in  the  high-temperature  and  low- 
temperature  regimes.  With  increasing  temperature, 
the  measured  frequency  is  nearly  constant  up  to 
-  650  °  C,  then  decreases  strongly  as  the  growth 
rate  decreases  because  of  Ga  desorption  from  the 
growing  surface.  The  ratio  of  the  growth  rates  at 
the  highest  and  lowest  temperatures  approximates 
the  ratio  of  the  Al  flux  to  the  total  group  III  flux, 
showing  that  the  layers  grown  at  the  highest  tem¬ 
peratures  probably  consist  almost  entirely  of  AlAs. 
This  variation  in  growth  rate  with  temperature  is 
not  shown  as  clearly  by  the  earlier  data  of  Ral¬ 
ston,  Wicks  and  Eastman  [3],  which  are  plotted  in 
fig.  1  for  comparison. 

The  two  curves  for  frequency-domain-analyzed 
data  in  fig.  1  show  that  the  onset  of  significant  Ga 
desorption  was  shifted  to  higher  substrate  temper¬ 
ature  for  the  run  with  the  higher  V/III  ratio.  The 
results  that  we  have  obtained  in  similar  experi¬ 
ments,  as  well  as  the  limited  data  of  ref.  [3],  are 
consistent  with  this  trend.  However,  the  magni¬ 
tude  of  the  temperature  shift  has  not  been  de¬ 
termined  accurately,  because  of  the  uncertainty  in 
substrate  temperature  measurements. 


500  600  700  800 

SUBSTRATE  TEMPERATURE  ('C) 

Fig.  2.  RHEED  oscillation  frequency  versus  substrate  temperature  for  growth  of  AIGaAs.  For  data  represented  by  circles  and 
squares,  frequencies  were  obtained  by  frequency-domain  analysis  of  data  collected  for  0-30  and  10-30  $.  respectively,  after  opening 

the  Al  and  Ga  source  shutters. 
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In  another  set  of  AIGaAs  growth  experiments, 
which  were  performed  under  conditions  similar  to 
those  used  in  obtaining  the  results  shown  in  fig.  1 
for  the  lower  V/IIl  ratio,  data  were  collected  for 
30  s  after  opening  the  Ga  and  A1  shutters.  For 
each  substrate  temperature,  oscillation  frequencies 
were  determined  by  analyzing  the  data  collected 
from  10  to  30  s  as  well  as  by  analyzing  the  data 
for  the  entire  30  s.  The  results  are  shown  in  fig.  2. 
For  temperatures  below  700  °C  the  frequencies 
obtained  for  the  two  analysis  windows  are  the 
same.  For  higher  temperatures,  however,  the  val¬ 
ues  are  lower  for  the  10-30  s  window  than  for  the 
0-30  s  window,  showing  that  the  growth  rate 
during  the  first  10  s  was  greater  than  the  steady- 
state  rate. 

To  investigate  the  time  evolution  of  the  growth 
rate  in  greater  detail,  experiments  were  performed 
at  temperatures  from  520  to  760  °C  in  which 
analysis  windows  of  5  s  were  used  in  analyzing 
data  taken  for  30  s  after  opening  the  Ga  and  A1 
shutters.  The  results  are  shown  in  fig.  3.  At  tem¬ 
peratures  below  700  °C  the  growth  rate  does  not 
change  with  time,  but  at  the  higher  temperatures 


the  initial  rate  is  higher  than  the  steady-state  value 
by  an  amount  that  increases  with  increasing  tem¬ 
perature.  At  760  ®  C,  the  initial  rate  is  about  twice 
the  steady-state  value.  This  change  in  growth  rate 
(and  therefore  in  composition)  is  much  too  large 
to  be  attnbuted  to  flux  transients.  It  indicates  the 
existence  of  complex  interactions  among  the 
surface  atoms  that  should  be  addressed  in  future 
investigations  of  the  epitaxial  growth  of  AIGaAs 
layers. 


4.  Conclusions 

By  using  frequency-domain  analysis  of  RHEED 
oscillation  data  taken  during  the  growth  of  AI¬ 
GaAs,  the  oscillation  frequency  has  been  meas¬ 
ured  over  a  wider  range  of  substrate  temperatures 
and  V/lII  ratios  than  previously  reported.  By 
utilizing  the  capability  of  frequency-domain  anal¬ 
ysis  to  extract  oscillation  frequencies  from  data 
taken  over  short  time  intervals,  it  has  been  found 
that  at  high  temperatures  the  growth  rate  im¬ 
mediately  after  opening  the  source  shutters  is  sub- 


Fig.  3.  RHEED  oscillation  frequency  versus  time  following  source  shutter  opening  for  AIGaAs  growth  at  substrate  temperatures  from 
520  to  760  °  C.  Frequencies  were  obtained  by  frequency-domain  analysis  of  data  collected  for  5  s  periods. 
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stantially  higher  than  the  steady-state  rate.  Such 
measurements  of  the  time  evolution  of  epitaxial 
growth  should  assist  in  achieving  a  better  under¬ 
standing  of  the  complex  interactions  at  growing 
epitaxial  surfaces. 
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RHEED-TRAXS  (total  reflection  angle  X-ray  spectroscopy  in  RHEED  experiments)  technique  has  been  focused  on  an 
observation  of  In  desorption  processes  from  GaAs(100)  substrate  surfaces.  Results  show  that  In  desorption  energy  sensitively  changes 
along  with  arsenic  partial  pressure.  Furthermore,  at  3.0x  10  *  Torr  of  ^A...  ITDS  (isothermal  desorption  spectroscopy)  curves 
have  a  refraction  point  below  the  In  La  line  intensity  corresponding  to  one  monolayer  of  InAs.  RHEED  intensity  measurements 
indicate  that  the  refraction  point  corresponds  to  the  change  of  the  growth  manner,  i.e.  a  single  layer  growth  occurs  followed  by 
three-dimensional  island  growth,  the  Stranski-Krastanov  growth  mode,  at  this  On  the  other  hand,  at  1.0x10'’  Ton  of  /\s,- 
InAs  grows  with  the  Volmer-Weber  growth  mode. 


1.  Introduction 

Reflection  high  energy  electron  diffraction 
(RHEED)  has  been  extensively  used  for  studying 
the  atomic  structure  of  crystal  surfaces.  Recently, 
the  phenomenon  of  RHEED  intensity  oscillation 
has  attracted  a  great  deal  of  interest,  since  the 
intensity  changes  with  time  when  epitaxy  occurs  in 
a  layer-by-layer  growth  model.  It  is  now  widely 
accepted  that  RHEED  is  a  powerful  tool  for 
tailoring  “man-made”  structures  by  molecular 
beam  epitaxy  (MBE).  Although  the  layer  thickness 
can  be  precisely  controlled  with  atomic  scale  accu¬ 
racy  by  measuring  an  intensity  oscillation,  only 
little  detailed  information  on  chemical  composi¬ 
tion  during  growth  is  available. 

Ino  et  al.  originally  proposed  X-ray  spec¬ 
troscopy  for  surface  chemical  analysis  with  high 
surface  sensitivity  in  which  an  incident  electron 
beam  of  RHEED  was  used  as  an  excitation  probe 
[1],  It  was  for  the  first  time  demonstratoi  by 
Hasegawa  et  al.  [2,3]:  when  the  X-ray  take-off 


angle  is  set  closely  corresponding  to  the  critical 
angle  for  total  reflection  of  the  characteristic  X- 
ray,  the  detection  efficiency  is  remarkably  im¬ 
proved.  They  called  this  technique  RHEED- 
TRAXS  (total  reflection  angle  X-ray  spectroscopy 
in  RHEED  experiments)  and  proved  that  the 
sensitivity  of  this  technique  is  comparable  to  or 
higher  than  that  of  Auger  electron  spectroscopy 
(AES). 

We  have  applied  this  RHEED-TRAXS  tech¬ 
nique  to  InAs  thin  film  growth  onto  GaAs  sub¬ 
strate  for  in-situ  monitoring  the  chemical  com¬ 
position.  The  contact  of  InAs  to  GaAs  is  of  con¬ 
siderable  interest  in  its  promising  applications  to 
infrared  (IR)  detectors  and  optoelectronic  devices 
[4-11].  The  large  lattice  mismatch  between  InAs 
and  GaAs  substrates,  however,  causes  a  significant 
obstacle  in  obtaining  high  electronic  quality.  It  is 
very  important  to  make  the  initial  stages  of  InAs 
onto  GaAs  controllable  in  order  to  fabricate  those 
devices. 

In  a  previous  paper  [12]  it  was  shown  that  the 
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composition  x  in  the  grown  InAS)  -.^Sb^  film  could 
be  precisely  controlled  by  measuring  the  char¬ 
acteristic  X-ray  peak  ratio  (Sb  La)/(Ga  Ko)  and 
by  adjusting  the  composition  of  AS4  and  Sb4  beam 
flux. 

InAs  desorption  processes  from  GaAs(100) 
substrate  are  presently  investigated  by  RHEED- 
TRAXS  method  as  a  function  of  In  this 
paper  the  dependence  of  In  desorption  energy 
upon  Pku  is  discussed.  In  addition,  two  types  of 
growth  mode,  i.e.  Stranski-Krastanov  mode  and 
Volmer- Weber  mode,  of  InAs  due  to  /as,,  are 
also  described. 


2.  Experiment 

The  MBE  system  (ULVAC  model  MBC-305) 
used  in  the  present  work  was  composed  of  a 
sample  loading  chamber  and  a  growth  chamber.  A 
Li  drifted  Si  solid  state  X-ray  detector,  Si{Li) 
detector,  was  combined  so  as  to  detect  the  arbi¬ 
trary  characteristic  X-ray.  The  X-rays  emitted  from 
the  sample  surface  pass  successively  through  two 
Be  windows  and  reach  a  Si(Li)  detector.  Details  of 
the  spatial  arrangement  of  the  electron  gun,  Si(Li) 
detector  and  specimen  were  described  elsewhere 
[12].  X-ray  take-off  angle  of  In  La  line  was  fixed 
at  0.74°,  corresponding  to  a  total  reflection  angle 
of  the  In  La  line  on  the  GaAs  surface. 

The  substrates  used  here  were  (100)-oriented 
semi-insulating  Cr-O  doped  GaAs,  20  mm  square 
and  0.35  mm  thick.  After  chemical  etching  by 
H2S04;H202:H20  (5:1:1)  solution,  they  were 
mounted  on  Mo  blocks  and  inserted  into  the 
growth  chamber.  Prior  to  the  growth,  the  substrate 
temperature,  T^y,,  was  raised  up  to  600  °C  for  5 
min  in  order  to  obtain  a  clean  surface.  After  that, 
the  InAs  layers  were  grown  at  constant  /"sub  where 
/’a.,  was  fixed.  Growth  rates  as  well  as  film  thick¬ 
ness  were  calibrated  in  advance  by  measuring 
thicknesses  in  direct  proportion  to  the  growth 
time.  The  InAs  desorption  processes  were  ob¬ 
served  in-situ  by  RHEED-TRAXS  in  which 
RHEED  intensity  oscillations  were  simultaneously 
observed.  The  energy  of  the  incident  electron  beam 
was  20  kV  throughout  the  work. 


3.  Result  and  discussion 

After  the  InAs  films  were  grown  up  to  10  ML, 
the  In  K-cell  shutter  was  closed.  The  In  La  X-ray 
intensities  were  successively  measured  by 
RHEED-TRAXS,  as  a  function  of  duration  time 
of  In  desorption,  which  was  the  so-called  ITDS 
(isothermal  desorption  spectroscopy)  method  [3]. 
/’as,  was  kept  constant  from  the  growth  to  the 
desorption.  At  first,  when  ITDS  was  done  at  two 
values  of  i.e.  3.0  X  10“®  and  1.0  x  10“*  Torr, 
the  difference  of  ITDS  gradient  depending  upon 
/•as,  was  observed.  The  results  are  shown  in  fig.  1. 
where  /sub  was  kept  at  450  °  C.  The  abscissa  of  fig. 
1  indicates  the  duration  time  of  the  desorption, 
and  its  ordinate,  the  intensity  of  the  In  La  line 
(3.29  keV),  which  is  normalized  by  Ga  Ka  inten¬ 
sity.  Open  and  solid  circles  denote  the  case  of  /’as, 
of  3.0x10  *  and  1.0X10'*  Torr,  respectively. 
In  the  case  of  3.0  X  10“ *  Torr  of  P^s,'  l^e  In  La 
line  intensity  decreases  just  a  little  even  after  50 
min  of  duration.  However,  it  decreases  rapidly 
after  the  As  shutter  was  closed.  The  RHEED 
patterns  at  the  positions  (I),  (II)  and  (III)  in  the 


Fig.  1.  Isothermat  (.T„y,  —  450‘’C)  desorption  curves  of  In  La 
line  intensity  versus  duration  time.  Open  and  solid  circles 
denote  3.0  X 10"*  and  l.OX  10“*  Torr  of  respectively. 
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ITDS  curve  are  represented  in  fig.  2.  The  RHEED 
pattern  (I)  indicates  that  InAs  forms  as  the  three- 
dimensional  island  formation  onto  GaAs(100) 
surfaces.  The  RHEED  pattern  (II),  taken  after  the 
As  shutter  was  closed,  shows  that  the  InAs  spot 
intensities  become  rather  weak  as  compared  with 
(1),  which  corresponds  to  the  In  La  line  intensity 
to  be  weakened.  At  the  point  (III),  25  min  after 
the  As  shutter  was  closed,  the  InAs  spots  com¬ 
pletely  disappear.  The  In  La  line  intensity,  how¬ 
ever,  is  observed  corresponding  to  three  mono- 
layers  of  InAs.  Because  the  As  vapor  pressure  is 
much  higher  than  that  of  In,  In  would  remain  on 
the  substrate  as  a  liquid-like  metallic  formation. 


Fig.  2.  The  changes  of  RHEED  pattem  during  In  desorption  at 
3.0x10“'  Tort  of  (I),  (II)  and  (III)  correspond  to  the 
points  indicated  by  the  same  number  in  flg.  1. 


Fig.  3.  Isothermal  desorption  curves  =  3.0x  10  *  Torr) 
at  various  substrate  temperatures. 

This  suggests  that  a  quantitative  analysis  for  grow¬ 
ing  surface  as  well  as  a  qualitative  analysis  is  very 
impoi  tant  and  indispensable  to  in-situ  observation 
in  MBE. 

On  the  other  hand,  in  the  ca.se  of  1.0  x  10'* 
Torr  of  the  In  La  intensity  is  abruptly  de¬ 
creased.  It  can  be  considered  that  the  In  desorp¬ 
tion  energy  is  very  sensitive  to  because  of  the 
difference  of  In  desorption  rate  depending  upon 

^As,- 

Furthermore.  In  desorption  energies  are  ob¬ 
tained  from  ITDS  so  as  to  clarify  the  dependence 
of  In  desorption  energy  upon  /’as,  on  GaAs(100) 
surfaces.  Desorption  energies  are  easily  obtained 
from  Arrhenius  plots  of  ITDS  curve,  because  the 
gradients  of  the  ITDS  curves  directly  correspond 
to  the  desorption  rate  of  In  atoms  [3].  ITDS  by 
RHEED-TRAXS  measurements  was  done  for  10 
ML  grown  InAs  at  different  /’as,-  Fig.  3  shows 
ITDS  curves  of  In  on  GaAs(100)  surface  at  3.0  x 
10'*  Torr  of  When  T,^^,  is  550  °C,  In  rapidly 
desorbs  from  the  surface  within  15  min.  In  desorp¬ 
tion  rates,  however,  become  low  with  decreasing 
/"sub- 1^*8-  ^  shows  ITDS  curves  at  1.0  X  10'’  Torr 
of  Pas,-  Io  desorption  rates  also  decrease  with 
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Fig.  4.  Isothermal  desorption  curves  ( =  1.0  x  10 '  ^  Torr)  at 
various  substrate  temperatures. 

decreasing  Tsuiy-  As  is  evident  from  comparison 
with  fig.  3.  however,  the  desorption  rate  at  the 
same  seems  different.  Desorption  energies  are 
summarized  in  table  1  where  the  result  of  the  AES 
expteriment  by  Foxon  and  Joyce  is  also  shown 
[13].  The  present  results  agree  approximately  with 
those  obtained  by  Foxon  and  Joyce.  However, 
they  did  not  take  the  important  role  of  into 
consideration.  Our  ITDS  results  by  RHEED- 
TRAXS  method  indicate  that  In  desorption  en¬ 
ergies  are  sensitively  affected  by 

Further  attention  must  be  focused  on  the  re¬ 
fraction  point  on  the  curve  around  one  monolayer, 
as  is  shown  in  fig.  3.  The  refraction  points  appear 
at  the  same  In  coverage,  i.e.  around  one  mono- 
layer.  in  both  of  510  °C  and  530  °C.  In  de- 


Table  I 

Indium  de.snrpiion  energies  (in  eV)  from  GaAsfKKl)  surface 


Present  work 

AES113I 

14(/’*,^  =  3x!0  "Torr) 

l.5±0.l 

1.8(/\,^  =  lxl0  ’Torr) 

1.5±0.l 

2.1  3x10  "Torr  "’) 

l.5±0.l 

Below  1  monolayer. 


Fig.  5.  RHEED  intensity  oscillation  during  growth  and  desorp¬ 
tion  processes.  r,„^  =  530°C;  (a)  “  Torr  and 

(b)  Fa,,,  =  1.0x10- ’Torr. 

sorption  energy  below  one  monolayer  is  obtained 
as  2.1  eV.  which  is  0.7  eV  higher  than  the  energy 
above  one  monolayer.  This  indicates  that  In  atoms 
hardly  desorb  below  one  monolayer.  On  the  other 
hand,  in  the  case  of  1.0  x  10“’  Torr  of  the 
refraction  point  does  not  appear,  as  is  shown  in 
fig.  4.  The  observation  of  the  RHEED  patterns 
shows  no  differences  around  one  monolayer.  The 
intensity  oscillation,  however,  reveals  remarkable 
characteristics  corresponding  to  desorption  en¬ 
ergy,  as  is  shown  in  fig.  5.  Fig.  5  shows  the 
specular  beam  intensity  as  a  function  of  time  for 
InAs  growth  and  desorption.  In  the  figure,  InAs 
grows  between  two  arrows,  denoted  as  In  on  and 
In  off.  The  desorption  process  is  represented  after 
the  point  indicated  by  right  hand  arrow  sub¬ 
scribed  as  In  off.  Figs.  5a  and  5b  correspond  to 
3.0x10  *  and  1.0x10”’  Torr  of  respec¬ 
tively.  In  the  ease  of  3.0  x  10”*  Torr  of  when 
In  atoms  are  supplied,  the  intensity  oscillation  is 
observed  only  once  through  growth.  After  the  In 
shutter  is  closed,  the  intensity  gradually  increases 
with  duration  time  and  a  wide  oscillation  peak 
appears  as  compared  with  the  growth  process. 
This  can  be  considered  as  follows:  since  the  period 
of  RHEED  intensity  oscillation  precisely  coin¬ 
cides  with  one  monolayer  growth,  a  two-dimen- 
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sional  InAs  layer  is  formed  onto  GaAs(lOO)  surface 
followed  by  three  dimensional  islands  at  this  P^s^- 
The  increase  of  In  desorption  energy  below  one 
monolayer  is  also  shown  in  fig.  5a.  If  the  large 
peak  of  RHEED  intensity  on  desorption  process 
corresponds  to  the  desorption  of  one  monolayer 
just  on  the  GaAsflOO)  surface  with  two-dimen¬ 
sional  formation,  the  elongation  of  the  oscillation 
period  as  compared  with  that  of  the  growth  pro¬ 
cess  would  indicate  the  increase  of  In  desorption 
energy.  This  shows  that  the  growth  is  made  under 
Stranski-Krastanov  mode  at  3.0  X  10 Torr  of 
P^j^.  On  the  contrary,  in  fig.  5b,  oscillations  can¬ 
not  be  clearly  observed.  This  suggests  that  three- 
dimensional  growth,  i.e.  Volmer-Weber  type  of 
growth,  would  occur  at  1.0  X  10"^  Torr  of 

4.  Conclusion 

The  RH  EED-TRAXS  technique  has  been  ap¬ 
plied  to  an  observation  of  In  desorption  processes 
from  GaAs(100)  substrates.  It  is  evidently  ob¬ 
served  that  In  desorption  energies  susceptibly 
change  depending  upon  Py^^,^.  At  3.0  x  lO'**  Torr 
of  P^j^,  the  ITDS  curves  have  a  refraction  point 
below  the  In  La  intensity  corresponding  to  one 
monolayer  of  InAs.  RHEED  intensity  measure¬ 
ment,  which  was  simultaneously  done  with 


TRAXS.  shows  that  InAs  grows  with  the  Stran¬ 
ski-Krastanov  mode.  On  the  other  hand,  at  1.0  x 
10  Torr  of  P^j^.  InAs  grows  with  the  Volmer- 
Weber  mode. 
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Reflectance-difference  probing  of  surface  kinetics  of  (001)  GaAs 
during  vacuum  chemical  epitaxy 

G.  Paulsson,  K.  Deppert  *,  S.  Jeppesen,  J.  Jonsson,  L.  Samuelson  and  P.  Schmidt  * 
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A  reflectance-difference  (RD)  study  of  the  kinetics  of  various  surface  processes  involved  in  the  growth  of  GaAs  from 
triethylgallium  and  arsine  is  presented.  During  triethylgallium  exposure  of  an  As-stabilized  (001)  GaAs  surface,  an  initial  linear  RD 
response  is  observed,  similar  to  what  has  previously  been  reported  for  trimethylgallium.  We  show  that  in  the  ca.se  of  triethylgallium 
an  over-saturation  of  the  surface  occurs,  which  results  in  complex  transients  in  the  RD  response  and.  for  a  critical  dose,  in  a  loss  of 
the  surface  coherency  as  determined  by  the  disappearance  of  RD  growth  oscillations.  It  is  found  that  the  arsine  reactivity  on  the 
over-saturated  surface  is  much  higher  that  that  on  the  Ga-stabilized  surface.  The  arsine-induced  RD  transient  is  compared  with  the 
kinetics  of  the  re-establishment  of  a  perfect  As-stabilized  surface,  using  the  amplitude  of  RD-detected  growth  oscillations  as  a  probe 
of  the  status  of  the  surface. 


1.  Introduction 

Considerable  effort  has  been  devoted  to  in¬ 
crease  the  understanding  of  surface  kinetics  taking 
place  during  epitaxial  growth.  Some  of  these 
processes  are;  adsorption,  desorption,  diffusion  of 
adsorbed  species  to  steps,  decomposition,  and  in¬ 
corporation  -  not  necessarily  in  this  order.  Results 
obtained  from  high-vacuum  (HV)  techniques  may 
also  be  applicable  to  metalorganic  vapor-phase 
epitaxy  since  the  importance  of  gas-phase  reac¬ 
tions  and  the  hydrogen  atmosphere  has  been  ques¬ 
tioned  lately  [1).  So  far,  reflection  high-energy 
electron  diffraction  (RHEED)  has  been  the 
dominating  in  situ  method  in  high-vacuum  tech¬ 
niques  but  recently  a  series  of  very  powerful  opti¬ 
cal  methods  has  been  demonstrated,  e.g.  reflec¬ 
tance-difference  (RD)  [1],  ellipsometry  [2],  and 
surface  photo-absorption  (SPA)  [3].  Using  optical 
methods  it  has  been  possible  to  follow  various 
phenomena  on  the  sub-monolayer  scale  during 
epitaxial  growth,  and  since  these  very  powerful  in 
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situ  techniques  are  indifferent  to  the  pressure  they 
can  thus  be  used  to  link  high-vacuum  (HV)  tech¬ 
niques  to  atmospheric  pressure  methods.  In  this 
paper  we  use  RD  to  study  the  kinetics  of  the  (001) 
GaAs  surface  when  exposed  to  triethylgallium 
and/or  arsine. 


2.  Experimental  details 

The  experiments  were  carried  out  in  a  vacuum 
chemical  epitaxy  (VCE)  reactor  [4,5]  using  trieth¬ 
ylgallium  (TEG)  and  arsine  as  precursors.  The 
vacuum  system  consists  of  an  outer  vacuum  cham¬ 
ber  which  contains  an  inner  growth  chamber  held 
at  an  elevated  temperature  of  approximately 
200  °C.  This  design  allows  multiple  impingement 
which  is  necessary  when  using  arsine  as  group  V 
precursor.  The  arsine  pressure  inside  the  growth 
chamber  was  approximately  5  X  10““*  Torr  and 
the  V/Ill  ratio  was  typically  20.  Residual  hydro¬ 
carbon  and  hydrogen  molecules  can  leave  the 
growth  chamber  through  several  small  orifices. 
The  1  cm^  sized  (001)  GaAs  substrate  is  situated 
inside  the  growth  chamber  on  a  carbon  susceptor 
heated  by  infra-red  radiation.  The  RD  system  [5] 
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is  placed  on  top  of  the  vacuum  chamber  where  the 
light  probe  enters  the  vacuum  chamber  through  a 
strain-free  quartz  window,  and  the  growth  cham¬ 
ber  through  a  small  hole.  In  our  RD  measure¬ 
ments  the  difference  between  normal-incidence  re¬ 
flectance  of  light  polarized  parallel  and  perpendic¬ 
ular  to  a  principal  crystallographic  axis  of  the 
surface  is  measured  as  a  function  of  time  for  a 
fixed  wavelength  equal  to  632.8  nm.  The  GaAs 
surface  is,  from  an  optical  absorption  point  of 
view,  highly  anisotropic  mainly  due  to  the  dimer 
formation  in  the  outermost  atomic  layer  of  the 
crystal  [1].  Such  intrinsic  effects  are  caused  by 
As-As  and  Ga-Ga  dimer  bonds  directed  in  the 
[TlOJ  and  [HO]  directions,  respectively.  It  should 
be  noted,  however,  that  preferentially-oriented 
molecules  adsorbed  on  the  surface  may  also  con¬ 
tribute  to  the  RD  signal. 


3.  Results  and  discussion 

S.I.  TEG  and  arsine  monolayer  saturation  effects 

Fig.  1  shows  the  time  dependence  of  the  RD 
signal  during  pure  TEG  exposure  of  a  previously 
arsine-stabilized  (001)  GaAs  surface.  The  time  axis 
has  been  divided  into  four  different  periods, 
labelled  A-D,  corresponding  to  different  events. 
During  period  A,  which  is  equal  to  10  s,  a  con¬ 
stant  flow  of  TEG  is  injected  into  the  growth 
chamber  and  under  this  phase  the  RD  signal 
shows  a  linear  time  dependence  until  it  reaches 
approximately  4/5ths  of  the  first  peak  value.  This 
is  in  good  agreement  with  experiments  reported 
for  trimethylgallium  (TMG)  [1]  in  a  hydrogen 
atmosphere.  In  the  upper  curve  of  fig.  1,  this 
period  is  followed  by  an  interval  where  the  signal 
is  more  cr  less  constant.  During  period  B  the 
arsine  flow  is  resumed  and  the  recovery  towards 
the  initial  arsine-stabilized  value  has  an  exponen¬ 
tial  time  dependence.  In  the  lower  curve  of  fig.  1 
the  TEG  flow  has  been  kept  on  for  another  50  s. 
period  C.  in  order  to  study  the  effects  of  over¬ 
saturation.  Contrary  to  TMG,  excess  TEG  ad¬ 
sorbs  on  top  on  the  first  Ga  layer.  After  passing 
through  the  dip  the  RD  signal  increases  further 
before  saturation.  When  the  over-saturated  surface 


Fig.  1.  The  time  dependence  of  the  RD  signal  during  pure 
TEG  exposure  of  previously  arsine-stabilized  GaAs  surfaces. 
The  doses  required  to  form  one  monolayer,  period  A  in  the 
upper  curve,  and  six  monolayers,  period  A-l-C  in  the  lower 
curve,  of  GaAs  during  continuous  growth.  The  RD  signal 
experiences  a  rapid  change  when  the  over-saturated  surface  is 
exposed  to  arsine.  The  insert  illustrates  the  exponential  time 
dependencies  of  the  arsine-stabilization  recovery  of  the  RD 
signal  during  period  B  following  the  two  levels  of  saturation. 

is  exposed  to  arsine,  during  period  D,  a  rapid 
change  in  the  RD  signal  can  be  observed.  The 
presence  and  magnitude  of  this  feature  are  corre¬ 
lated  to  the  amount  of  excess  TEG,  or  derivatives 
thereof,  at  the  surface.  When  the  surface  is  over¬ 
saturated  with  TEG  the  arsine  becomes  highly 
reactive,  indicated  by  the  very  fast  change  of  the 
RD  signal.  The  recovery  of  the  RD  response, 
during  period  B,  towards  the  value  corresponding 
to  the  arsine-stabilized  surface  is  similar  to  that  of 
the  upper  curve  in  fig  1  but  the  time  constants 
differ  as  can  be  seen  from  the  insert  in  the  upper 
right  corner.  The  fact  that  the  kinetics  is  faster  in 
the  case  of  only  one  monolayer  Ga  coverage  is 
reasonable  since  the  transformation  of  an  over¬ 
saturated  surface  involves  more  complex  surface 
processes. 
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Fig.  2.  RD-probing  of  TEG-exposed  GaAs  surfaces  in  order  to  evaluate  the  degree  of  surface  coherence  when  continuous  growth  is 
started.  The  amount  of  TEG  corresponds  to  the  growth  of:  (a)  5-6  monolayers  (ML):  (b)  3  ML;  (c)  1  ML.  The  presence  and 
durability  of  the  growth  oscillations  is  a  measure  of  how  the  TEG  species  adsorb  to  the  surface.  If  the  surface  is  exposed  to  more  than 
one  monolayer  the  surface  coherence  is  lost,  (d)  RD  response  when  the  continuous  growth  is  initiated  from  an  arsine-stabilized 

surface. 


J.2.  Study  of  the  surface  roughening  during  TEG 
saturation 

We  have  recently  shown  that  it  is  possible, 
using  the  RD  technique,  to  obtain  growth  oscilla¬ 
tions  in  real  time  during  continuous  growth  [7]  as 
illustrated  in  fig.  2  (curve  2d).  This  phenomenon 
makes  not  only  growth-rate  measurements  very 
convenient  but  can  also  be  used  to  gain  informa¬ 
tion  about  the  surface  from  which  the  continuous 
growth  is  initiated.  In  the  previous  section,  it  was 
shown  how  excess  TEG  species  on  the  surface 
affect  the  RD  signal  during  arsine-only  exposure. 
In  this  section,  it  will  be  discussed  how  the  Ga 
species  are  adsorbed  at  the  surface  by  using  the 
presence  and  durability  of  the  growth  oscillations 
as  a  measure  of  the  status  of  the  surface  [8], 
During  this  experiment  (curves  2a- 2c),  the  valve- 
switching  sequences  are  the  same,  starting  with 
arsine  stabilization  which  is  followed  by  a  period 
of  TEG  exposure  the  length  of  which  is  varied  in 


time.  After  a  certain  exposure  of  TEG  the  arsine 
flow  is  resumed  which  enables  continuous  growth. 
Curve  2a  shows  the  RD  response  when  the 
arsine-stabilized  surface  is  exposed  to  an  amount 
of  TEG  corresponding  to  six  monolayers  during 
continuous  growth  and  the  behavior  of  the  RD 
signal  when  the  continuous  growth  is  initiated 
resembles  somewhat  the  large  feature  seen  in  the 
lower  curve  in  fig.  1.  Contrary  to  the  experiments 
described  in  fig.  1,  the  TEG  is  left  on  while 
resuming  the  arsine  flow.  Hence,  the  RD  signal 
settles  at  a  value  characteristic  of  continuous 
growth  using  a  certain  V/III  ratio.  Curve  2d, 
where  the  TEG-only  period  is  absent,  has  been 
included  as  a  reference.  Due  to  the  large  amount 
of  TEG  species,  the  growth  front  becomes  statisti¬ 
cally  distributed  over  several  monolayers  and  no 
growth  oscillations  can  be  observed.  Reducing  the 
TEG-only  period  to  a  time  corresponding  to  three 
monolayers  (curve  2b)  gives  rise  to  a  larger  feature 
when  the  arsine  flow  is  resumed  but  still  no  sign 
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Fig.  3.  The  degree  of  recover>’  of  the  growth-oscillaiions  (□)  as 
a  function  of  the  arsine  exposure  of  the  surface.  Starting  from 
a  continuous  growth  situation  the  TEG  flow  is  terminated  and 
after  a  certain  time  the  TEG  flow  has  been  resumed.  Three  RD 
growth  oscillation  curves  have  been  included  corresponding  to 
different  recoverv  limes.  Note  that  the  60  s  point  is  a  double 
point  also  obtained  by  doubling  the  flow’  and  reducing  the 
exposure  time  to  the  half  (^). 

of  growth  oscillations.  The  true  shape  of  this  fea¬ 
ture  is  not  resolved,  due  to  the  inherent  time 
constant  of  the  RD  set-up.  In  curve  2c  the  TEG 
deposition  is  nominally  one  monolayer  adsorbed 
Ga  and  when  arsine  is  added  together  with  TEG. 
after  the  shorter  TEG-only  period,  the  behavior  of 
the  RD  signal  is  completely  different.  Clearly  re- 
.solved  growth  oscillations  can  now  be  observed 
directly  after  the  initiation  of  the  continuous 
growth,  demonstrating  that  the  deposition  of  one 
Ga  monolayer  preserves  the  coherency  of  the 


surface  and  no  three-dimensional  Ga  deposits  are 
formed. 

3.3.  The  kinetics  of  the  recovery  of  growth  oscilla¬ 
tions  under  arsine  treatment 

Even  with  optimal  surface  conditions  when 
growth  is  initiated,  clearly  resolved  RD  growth 
oscillations  decay  within,  typically.  20-30  periods. 
This  is  believed  to  be  the  time  taken  to  establish  a 
growth  front  which  has  reached  the  steady  state 
equilibrium  admixture  of  As-As  and  Ga-Ga  di¬ 
mers.  An  extensive  exposure  of  the  GaAs  surface 
to  arsine  is  necessary  in  order  to  regain  the  well- 
defined  As-stabilized  surface  required  for  reini¬ 
tiation  of  growth  with  the  best  conditions  for  the 
RD  observation  of  growth  oscillations.  Using  the 
same  arsine  flux  as  that  used  for  the  growth  rate 
of  1  monolayer/10  s.  it  takes  at  least  a  few  minutes 
for  full  ( >  95%)  recovery  (at  550 °C).  An  attempt 
to  evaluate  the  kinetics  of  this  recovery  process  is 
presented  in  fig.  3.  in  which  the  average  of  the 
amplitude  of  the  first  oscillations  is  plotted  as  a 
function  of  the  arsine  exposure  time.  Three  exam¬ 
ples  of  such  growth  oscillations  with  different 
degrees  of  regeneration  are  shown  as  inserts  for 
10.  25  and  60  s  arsine  treatment. 

During  the  arsine  treatment  an  RD  transient  is 
also  induced  corresponding  to  the  transformation 
of  the  partially  Ga-Ga  dimer-covered  growing 
Surface  into  the  As-stabilized  surface,  assumed  to 
be  the  frequently  observed  (2  X  4)  reconstruction 
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Fig.  4.  (a)  Measurement  of  the  degree  of  recovery  of  the  arsine-stabilired  surface  using  two  different  definitions  of  surface  recovery. 
The  upper  curve  shows  the  logarithm  of  the  recovery  of  growth  oscillations  as  a  function  of  time,  as  determined  by  the  method 
illu.strated  in  fig.  3.  The  lower  curve  is  the  logarithm  of  the  transient  of  the  RD  signal  in  going  from  the  level  corresponding  to 
continuous  growth  to  the  level  corresponding  to  the  arsine-stabilized  surface,  (b)  Growth  oscillations  followed  by  such  a  transient. 
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(see  fig.  4b).  Obviously,  the  RD  transient  and  the 
recovery  transient  measure  different  surface 
processes,  a  difference  which  can  be  illuminated 
by  a  comparison  of  the  kinetics  of  the  two 
processes.  This  comparison  is  made  in  fig.  4a, 
where  the  RD  transient  is  plotted  logarithmically 
versus  the  arsine  exposure  time  (experimental 
points  + ),  with  the  exponential  line  fitted  to  these 
points.  The  corresponding  best  exponential  fit  of 
the  recovery  process  (from  fig.  3)  is  also  shown  in 
fig.  4a.  It  is  clear  that  the  time  constant  for 
recovery  of  the  ideal  As-stabilized  surface  is  longer, 
here  by  a  factor  of  two,  than  the  time  constant  for 
returning  the  RD  signal  from  that  of  continuous 
growth  to  that  of  the  As-stabilized  surface.  How¬ 
ever,  there  is  still  too  little  experimental  data 
available  to  judge  if  the  factor  of  two  is  signifi¬ 
cant.  but  is  is  beyond  doubt  that  the  results  in  fig. 
4  tell  us  that  the  recovery  of  the  growth  oscilla¬ 
tions  is  a  more  complicated  and  slower  process 
than  the  process  monitored  in  the  transient  of  the 
RD  signal  itself.  An  explanation  of  this  difference 
in  kinetics  can  be  that  the  faster  RD  transient  is 
primarily  probing  the  arsine-induced  breaking  of 
Ga-Ga  dimer  bonds  while  the  slower  process  of 
recovery  of  growth  oscillations  involves  also 
surface  reconstructions  with  the  formation  of  the 
(2x4)  periodic  reconstruction  of  the  As  atoms. 

5.  Summary 

We  have  shown  that  the  RD  method  can  be 
used  to  gain  significant  information  about  the 
surface  kinetics  during  monolayer  saturation  as 


well  as  under  continuous  growth.  The  time  con¬ 
stants  for  the  re-establishment  of  a  perfect  arsine- 
stabilized  surface  have  been  studied  and  we  have 
shown  that  the  arsine  exposure  of  an  over- 
saturated  GaAs  surface  leads  to  very  fast  chemical 
reactions. 
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In-situ  monitoring  of  antiphase  domain  evolution  during  atomic  layer 
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Reflectance  difference  technique  is  used  to  in-situ  monitor  the  antiphase  domain  (APD)  annihilation  process  during  atomic  layer 
MBE  and  MBE  growth  of  GaAs  on  Si  2°  and  4°  off  (001)  towards  (110).  We  show  that  this  technique  is  able  to  provide  quantitative 
information  on  the  domain  evolution.  Experimental  data  obtained  with  reflectance  difference  show  that  thin  GaAs  layers  (typically 
50-100  nm)  are  enough  for  achieving  a  single  domain  growth  front.  APD  evolution  is  characterized  by  a  process  which  starts  at  the 
onset  of  growth  and  is  thickness  dependent.  We  observe  a  fast  APD  evolution  during  growth  of  the  first  500  A  thick  layer  followed 
by  a  slow  step  in  case  a  single  domain  growth  from  has  not  yet  been  achieved.  We  find  that  the  rate  of  the  APD  annihilation  process 
depends  on  growth  conditions,  although  the  GaAs  thickness  (  -  500  A)  at  which  kinetics  changes  is  independent  both  on  growth 
conditions  and  on  density  of  steps  in  the  starting  surface  (2°  and  4“  off  (001)  Si  substrate).  A  possible  relation  between  APD 
annihilation  and  lattice  mismatch  relaxation  process  is  proposed  based  on  these  observations. 


1.  Introduction 

The  appearance  of  antiphase  domains  (APDs) 
in  epitaxially  grown  GaAs  on  Si(OOl)  is  a  direct 
consequence  of  growing  a  polar  compound  semi¬ 
conductor  on  a  non  polar  substrate  [1]. 

GaAs  antiphase  domains  could  be  avoided  by 
growing  on  an  atomically  flat  perfect  (001)  Si 
surface  if  the  very  first  layer  is  formed  by  either 
Ga  or  As  atoms.  However,  any  real  (001)  Si  surface 
will  always  exhibit  steps.  Again  no  APDs  would 
be  expected  if  the  surface  steps  are  two  atomic 
layer  high  (lOn)-  where  the  sublattice  site  alloc¬ 
ation  of  Ga  or  As  at  both  sides  of  the  step  are 
coincident.  Achieving  this  kind  of  silicon  surface 
requires  very  high  annealing  temperatures  (above 
1000  °C)  which  are  not  compatible  with  current  Si 
technology  preprocessed  wafers. 

Experimental  results  have  shown  [2]  that  single 
domain  GaAs  is  not  achieved  on  exactly  oriented 
(001)  Si  surfaces,  but  GaAs  APDs  can  be  effec¬ 
tively  suppressed  by  growing  on  slightly  misori- 
ented  (001)  Si  substrates,  even  though  they  present 
a  high  surface  density  of  monoatomic  steps  (jOo)- 
In  this  case,  the  initially  double  domain  GaAs 


surface  progressively  evolves  into  a  single  domain 
growth  front.  How  this  simple  recipe  works  is  not 
known  at  present,  but  it  is  clear  that  other  mecha¬ 
nisms  besides  the  doubling  of  surface  step  height 
must  be  operative  in  APDs  suppression. 

The  main  characteristic  of  tilted  (001)  Si  sub¬ 
strates  is  the  alignment  of  a  high  density  of  steps 
with  different  str-cture  in  the  direction  of  miso- 
rientation.  So  one  would  expect  that  the  APD 
annihilation  process  is  closely  related  to  the  pref- 
erent  GaAs  nucleation  at  inequivalent  steps:  one 
step  will  overgrow  the  other  one,  leading  to  APD 
suppression.  However,  there  is  no  actual  under¬ 
standing  of  APD  evolution,  mainly  due  to  the  lack 
of  an  experimental  technique  to  in-situ  monitor 
the  APD  annihilation  process. 

In  a  previous  work  [3]  we  demonstrated  the 
ability  of  the  reflectance  difference  (RD)  tech¬ 
nique  [4.5]  to  in-situ  monitor  the  APD  annihila¬ 
tion  process.  We  showed  that  this  technique  can 
provide  accurate  quantitative  data  in  comparison 
with  the  commonly  used  RHEED,  which  only 
gives  qualitative  information  about  the  orientation 
and  relative  abundance  of  domains.  In  particular, 
we  found  that  during  the  atomic  layer  molecular 
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beam  epitaxy  [6]  (ALMBE)  growth,  the  process  of 
domain  annihilation  begins  at  the  onset  of  growth, 
such  that  thin  GaAs  layers  (typically  ~  50-100 
nm)  are  sufficient  for  achieving  a  single  domain 
growth  front.  In  agreement  with  other  authors  [7], 
the  orientation  of  the  final  domain  only  depends 
on  the  formation  or  not  of  an  As  stable  layer  on 
the  Si  surface  created  by  heating  the  Si  substrates 
at  >  600  °C  in  the  presence  of  arsenic  [8], 

However,  the  expectable  relation  between  the 
high  density  of  inequivalent  steps  present  in  the 
tilted  Si  substrates  with  the  GaAs  APD  suppre.s- 
sion  mechanism  remains  unclear  at  the  present 
moment. 

In  order  to  get  a  deeper  insight,  we  have  studied 
in  the  APD  annihilation  process  during  GaAs-on- 
Si  growth  under  a  broad  range  of  experimental 
conditions,  both  by  ALMBE  and  MBE.  We  have 
extended  the  growth  conditions  [9,10],  trying  to 
actuate  the  kinetics  of  the  APD  suppression  pro¬ 
cess  by  selectively  enhancing  the  GaAs  growth  in 
the  surface  steps  against  two-dimensional  nuclea- 
tion  on  the  terraces.  To  monitor  this  process,  we 
have  used  reflectance  difference.  This  technique  is 
sensitive  primarily  [4]  to  surface  anisotropy  in¬ 
duced  by  Ga-Ga  dimers,  and  con,sequently  to 
surface  stoichiometry  which  is  periodically 
changed  every  monolayer  in  case  of  ALMBE 
growth,  or  by  intentionally  interrupting  the  As 
beam  flux  (and/or  supplying  an  extra  amount  of 
Ga)  during  conventional  MBE  growth  under  As 
stabilized  conditions. 

For  epitaxial  growth  of  GaAs  on  single  crystal 
and  single  domain  GaAs(001).  the  Ga-Ga  dimers 
are  all  aligned  along  (110)  direction.  Then,  the 
variations  in  surface  stoichiometry  produced  dur¬ 
ing  layer-by-layer  ALMBE  growth  cause  periodic 
changes  in  flno  ~  ^lio  reflectance  difference. 

However,  during  atomic  layer-by-layer  growth 
of  a  two-domain  GaAs  layer  on  Si,  different 
surfaces  areas  will  show  mutually  perpendicular 
Ga-Ga  dimer  orientations  and  the  resulting  RD 
signal  amplitude  will  be  reduced  by  a  factor  pro¬ 
portional  to  the  relative  difference  between  the 
surface  areas  of  the  domains  A  and  B: 

AR  A  —  B  Rjio  ~  Riio  /,  4 

R  “  A  +  B  R 


If  we  normalize  the  signal  amplitude  AR/R  dur¬ 
ing  growth  of  GaAs/Si  to  the  amplitude  during 
GaAs/GaAs  single  domain  growth,  we  obtain  a 
quite  accurate  measurement  of  the  evolution  of 
the  relative  extension  of  orthogonal  domains.  (A 
-  B)/(A  -H  B). 

For  a  well-defined  detector  polarization  relative 
to  the  (110)  and  (110)  crystal  directions,  the 
absolute  sign  of  the  RD  signal  gives  the  azimuth 
of  the  initially  predominant  domain,  as  well  as  the 
final  domain  orientation,  in  agreement  with 
qualitative  RHEED  observations. 

In  this  way.  using  RD  we  are  able  to  observe 
during  growth  (layer  by  layer  in  case  of  ALMBE 
growth)  the  APD  concentration  evolution  and  its 
eventual  dependence  on  growth  conditions. 


2.  Experimental 

A  de.scription  of  the  experimental  reflectance 
difference  technique  set-up.  as  well  as  the  Si 
surface  preparation  process  has  been  published 
elsewhere  [3,5].  (001)  Si  wafers  misoriented  by  2° 
and  4°  towards  (110)  were  used  for  this  work. 

ALMBE  and  MBE  layers  were  grown  under 
AS4  beam  equivalent  pressure  (BEP)  of  ~  4x  10"*’ 
Torr.  The  Ga  flux  was  previously  calibrated  by 
RHEED  oscillations  in  MBE  grown  GaAs  on 
GaAs  substrate,  in  order  to  establish  the  adequate 
As  pulse  frequency  for  ALMBE  growth  (one  pulse 
per  1.0  /V,  Ga  dose,  measuring  Ga  doses  in  units 
of  ly,  =  6.25  X  10''’  sites/cm*  on  the  ideal  (001) 
plane). 

Low  temperature  {T^  -  350 °C)  ALMBE  layers 
consisted  of  2000  A  GaAs  grown  at  0.8  mono- 
layers  per  second  (ML/s).  Growth  was  initiated 
by  opening  first  the  Ga  cell,  followed  by  the  As 
pulses.  The  duration  of  the  As  pulses  was  changed 
from  some  samples  to  others  in  order  to  achieve 
different  growth  conditions,  from  high  arsenic  ex¬ 
cess  to  the  just  amount  to  combine  with  1.0  A(.  Ga 
dose. 

Low  temperature  (7(  =  300°C)  MBE  layers 
consisted  of  500  A  thick  GaAs  grown  at  0.2  ML/s. 
High  7;  MBE  layers  (500  <  T,  <  580°C)  were 
grown  at  0.8  ML/s  after  depositing  a  100  A 
nucleation  layer  by  ALMBE  at  r.,  =  350°C  in 
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order  to  avoid  the  formation  of  large  three-dimen¬ 
sional  islands  at  the  onset  of  MBE  growth  at  high 

t;. 


3.  Results 

A  plot  of  the  evolution  of  RD  signal  amplitude 
during  GaAs  growth  is  shown  in  fig.  1.  Solid  and 
open  circles  correspond  to  two  GaAs  samples 
grown  on  Si  2°  and  4°  off  (001)  respectively  by 
ALMBE  under  As  rich  conditions  at  T^  =  350  °C 
(3].  A  rapid  increase  of  the  RD  signal  amplitude  is 
followed  by  a  saturation  state  reached  when  a  thin 
layer  of  about  500  A  has  been  grown. 

The  non-zero  intersection  of  the  dashed  straight 
line  with  the  T-axis  shows  that  the  starting  Si 
surface  presents  an  already  larger  area  (  ~  30%)  of 
the  2x1  domain.  By  using  RHEED  observations 
alone,  it  would  be  impossible  to  detect  this  initial 
difference.  Notice  that  under  the  same  growth 
conditions,  and  the  same  relative  distribution  of 
domains  in  the  Si  starting  surface,  the  APD  evolu¬ 
tion  of  both  samples  is  identical,  even  when  the 
initial  average  size  of  APDs  in  the  4°  off  substrate 
is  expected  to  be  half  of  that  in  the  2°  oft  sub¬ 
strate. 

The  amplitude  oscillations  superposed  on  the 
RD  signal  are  of  purely  optical  origin  and  corrt 
spond  to  the  periodic  changes  of  surface  reflec¬ 
tance  due  to  interference  between  light  reflected  at 


Fig.  1.  Reflectance  difference  signal  amplitude  versus  GaAs 
thickness  during  atomic  layer  MBE  growth  at  T  ”  350  "C  of 
GaAs  on  Si  2°  off  (•)  and  4“  off  (001)  (o)  towards  (110). 


Fig,  2.  Reflectance  difference  signal  amplitude  versus  GaAs 
thickness  during  atomic  layer  MBE  growth  at  T  =  350°C  of 
GaAs  on  Si  2°  off  ((X)l)  under  “As-rich”  growth  conditions. 


the  growing  surface  and  at  the  silicon  surface 
substrate. 

The  RD  signal  behaviour  shown  in  fig.  1  for 
samples  grown  on  2°  and  4°  off  (001)  Si  sub¬ 
strates  is  completely  general.  Under  different 
growth  conditions,  for  ALMBE  or  MBE  grown 
samples,  we  always  observe  an  APD  annihilation 
process  characterized  by  a  fast  step,  up  to  -  500 
A.  followed  by  a  slow  step  that  can  even  exhibit  a 
zero  slope  when  APDs  have  been  suppressed. 

We  have  observed  that  under  fixed  growth  con¬ 
ditions.  the  slope  of  the  fast  step  depends  on  the 
relative  abundance  of  A  and  B  domains  in  the 
starting  Si  surface.  Fig.  2  shows  the  evolution  of 
RD  signal,  normalized  to  the  amplitude  during 
GaAs  on  GaAs  single  domain  growth,  for  four 
different  samples  grown  by  ALMBE  at  T,  = 
350  “C  under  “As-rich”  growth  conditions.  Al¬ 
though  the  rate  of  APD  evolution  remains  con¬ 
stant  under  fixed  growth  conditions,  smaller  GaAs 
thicknesses  are  needed  to  achieve  a  single  domain 
growth  front  (RD  amplitude  =  1)  when  the  start¬ 
ing  surface  shows  larger  areas  of  the  domain  that 
will  be  enlarged  during  the  annihilation  process. 
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Fig.  3.  Reflectance  difference  signal  amplitude  versus  GaAs 
thickness  during  GaAs  on  Si  2°  off  (001)  growth  by  ALMBE 
at  7",  =  350°C  under  "As-rich"  grow-th  conditions  (/s).  AL¬ 
MBE  7"^=  350°C  "Ga-rich"  growth  conditions  (O)  and  MBE 
=  300  ^  C  (•)  for  similar  Si  starting  surfaces. 


The  small  difference  of  relative  size  of  domains 
(domain  A  surface  occupation  changes  from  54T 
to  65%  in  different  samples)  will  probably  be  due 
to  differences  in  the  prior  to  growth  Si  surface 
preparation  process. 

The  same  behaviour  with  the  relative  domain 
size  in  the  Si  starting  surface  is  observed  for  MBE 
grown  layers.  In  particular,  we  do  not  find  any 
difference  in  APD  annihilation  rates  for  layers 
grown  at  500  <T^<  580  °C.  This  range  of  was 
chosen,  according  to  other  authors  (9),  to  produce 
a  change  of  growth  mode  (from  2D  to  step  flow) 
in  A  surfaces,  expecting  so  far  a  change  in  APD 
suppression  kinetics. 

We  also  have  observed  a  dependence  of  APD 
suppression  rate  on  the  growth  conditions.  Fig.  3 
shows  the  evolution  of  RD  signal  for  three  sam¬ 
ples  grown  by  MBE,  T^  =  300°C  (solid  circles), 
ALMBE,  7'^  =  350‘’C,  under  “Ga-rich"  growth 
conditions  (open  circles),  and  ALMBE,  T.  = 
350  °C,  under  “As-rich”  growth  conditions  (trian¬ 
gles).  We  can  see  that  for  comparable  Si  substrate 


starting  surfaces,  MBE  grown  samples  show  an 
APD  suppression  process  that  is  faster  than  AL¬ 
MBE  at  “Ga-rich”  conditions,  which  in  turn  is 
faster  than  “As-rich”  growth  conditions. 


4.  Discussion 

Besides  the  observed  dependence  on  growth 
conditions,  as  well  as  on  the  relative  domain  dis¬ 
tribution  in  the  Si  starting  surface,  our  experimen¬ 
tal  results  show  that  the  APD  suppression  process 
begins  at  the  onset  of  growth  and  is  thickness 
dependent.  Although  the  rate  of  APD  annihilation 
process  depends  on  growth  conditions,  the  GaAs 
thickness  at  which  we  observe  a  change  of  kinetics 
(about  500  A)  is  independent  both  on  the  density 
of  steps  (2°  or  4°  off  Si  substrates)  and  on  the 
growth  conditions. 

These  results  seem  to  point  out  that  the  APD 
annihilation  process  must  be  related  to  .some  other 
property  which  is  enhanced  in  stepped  surface, 
like  the  preferential  formation  of  misfit  disloca¬ 
tions  in  steps  (12],  At  this  stage  we  think  that  the 
GaAs  on  Si  APD  annihilation  mechanisms  are 
someway  related  through  the  growth  kinetics  to 
the  lattice  relaxation  mechanisms. 

The  different  rates  of  APD  suppression  ob¬ 
served  for  different  growth  processes  (ALMBE, 
MBE)  could  easily  be  explained  in  this  context. 
GaAs  deposited  by  MBE  at  low  forms  3D 
islands  which  grow  an  coalesce  accommodating 
lattice  mismatch  by  generating  pure  edge  (misfit) 
and  mixed  dislocations.  On  the  other  hand,  the 
initial  GaAs  nucleation  by  ALMBE  is  two-dimen¬ 
sional.  This  layer  growth  would  perhaps  cause  a 
relaxation  of  lattice  strain  by  generating  a  higher 
density  of  misfit  dislocation  as  compared  with 
MBE  growth. 

Preliminary  TEM  results  seem  to  support  this 
new  approach:  ALMBE  grown  GaAs  on  Si  layers 
observed  by  this  technique  shows  a  precisely  de¬ 
limited  500  A  thick  highly  defective  region.  Simi¬ 
lar  results  were  previously  reported  for  GaAs  on 
Si  grown  by  MOCVD  [11]. 

More  experimental  work  is  presently  underway, 
including  growth  on  Si  substrates  with  lower  miso- 
rientation  angles,  in  order  to  confirm  a  possible 
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relation  between  APD  suppression  and  lattice  re¬ 
laxation  process. 

5.  Conclusions 

In  summary,  reflectance  difference  technique 
has  been  used  for  in-situ  monitoring  antiphase 
domain  (APD)  evolution  during  ALMBE  and 
MBE  growth  of  GaAs  on  Si  2°  and  4°  off  (001) 
towards  (110)  direction.  We  have  observed  that 
APD  annihilation  starts  at  the  onset  of  growth, 
being  characterized  by  a  fast  process,  up  to  GaAs 
thickness  of  ~  500  A,  followed  by  a  slow  process, 
if  a  single  domain  growth  front  has  not  been 
achieved  during  the  deposition  of  the  first  500  A 
thick  layer.  Although  the  rate  of  the  APD  annihi¬ 
lation  process  depends  on  the  growth  conditions, 
the  GaAs  thickness  at  which  we  observe  a  change 
of  kinetics  is  independent  both  on  the  density  of 
steps  (2°  or  4°  off  Si  substrates)  and  on  the 
growth  conditions. 

In  view  of  the  above  results,  we  feel  that  the 
APD  annihilation  process  could  be  closely  related 
to  the  lattice  relaxation  process. 
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Oscillatory  AS4  surface  reaction  rates  during  molecular  beam  epitaxy 
of  AlAs,  GaAs  and  InAs 
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We  report  oscillations  in  the  surface  reaction  rate  of  AS4  during  molecular  beam  epitaxy  of  AlAs.  GaAs  and  InAs,  The 
oscillations  are  periodic  with  the  bilayer-by-bilayer  growth  cycle,  and  correspond  to  a  slightly  lower  reaction  rate  approximately  1  /4 
of  the  way.  and  a  slightly  higher  reaction  rate  approximately  3/4  of  the  way,  through  that  cycle. 


Crystal  growth  has  long  been  known  to  be 
mediated  by  surface  microstructural  defects  such 
as  adatoms,  steps  and  kinks  [1],  Measurements 
sensitive  to  that  defect  microstructure  have  there¬ 
fore  been  central  to  advances  in  our  understand¬ 
ing  of  crystal  growth. 

For  molecular  beam  epitaxy  (MBE)  of  IH/V 
compounds,  however,  surface  defect  microstruc¬ 
ture  is  only  half  the  picture.  In  these  systems,  the 
growth  species  typically  include  stable  molecules, 
such  as  AS4,  which  must  chemically  react  with  the 
surface  before  growth  can  occur.  Surface  chem¬ 
istry  is  therefore  a  crucial  second  half  of  the 
picture.  Indeed,  we  expect  the  overall  dynamics  of 
crystal  growth  to  be  determined  by  a  complex 
interplay  between  surface  chemical  reactivity  and 
surface  defect  microstructure  [2], 

Thus  far.  however,  very  little  is  known  about 
the  dependence  of  surface  chemical  reactivity  on 
surface  defect  microstructure  during  III/V  MBE. 
Nearly  all  previous  direct  studies  of  surface  chem¬ 
istry  during  IH/V  MBE  have  been  performed  on 
surfaces  having  an  “average”  microstructure  char¬ 
acteristic  of  steady-state  growth  [3,4|. 

In  this  paper,  we  report  reflection  mass  spec¬ 
trometry  (REMS)  studies  of  reactive  sticking  of 
AS4  and  desorption  of  AS2  during  MBE  of  AlAs. 
GaAs  and  InAs  on  carefully  prepared,  smooth 
(001)  surfaces.  We  find,  interestingly,  that  in  all 
these  systems  the  reaction  rate  of  AS4  with  the 
surface  oscillates  initially,  before  settling  to  an 


average  value  characteristic  of  steady-state  growth. 
These  “REMS”  oscillations  are  analogous  to 
those  seen  in  reflection-high-energy  diffraction 
(RHEED)  intensities  [5.6).  photoemission  [7).  sec¬ 
ondary  electron  emission  [8]  and  optical  reflec¬ 
tance  difference  spectroscopy  (RDS)  [9],  in  that 
they  are  periodic  with  the  bilayer-by-bilayer 
growth  cycle.  They  are  unique,  though,  in  that 
they  establish,  for  the  first  time,  a  periodic  varia¬ 
tion  in  the  chemical  reactivity  of  the  surface  during 
MBE. 

Our  experimental  geometry  is  nearly  the  same 
as  that  described  previously  [10).  An  unapertured 
UTI-IOOC  mass  spectrometer,  recessed  in  a  liquid- 
nitrogen-cooled  housing,  is  attached  directly  to  an 
effusion-cell  port  of  a  state-of-the-art  (Riber  32P) 
III/V  MBE  chamber.  Due  to  improved  liquid- 
nitrogen  transfer  to  the  cryoshrouds  of  this  cham¬ 
ber,  background  signals  from  volatile  AS4  not 
originating  from  the  wafer  surface  were  somewhat 
lower  (approximately  one-sixth  of  the  line-of-sight 
signals)  than  in  our  previous  studies. 

In  this  growth  chamber,  we  routinely  observe 
REMS  oscillations  during  MBE  of  AlAs.  GaAs 
and  InAs  on  carefully  smoothened  vicinal  surfaces 
of  the  same  material.  The  oscillations  are  most 
intense,  however,  during  MBE  on  “nearly  singu¬ 
lar”  substrates.  Therefore,  in  this  paper  we  restrict 
ourselves  to  presenting  measurements  during  MBE 
on  a  GaAs  wafer  miscut  by  less  than  one-twentieth 
of  a  degree  from  (001).  We  also  restrict  ourselves 
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to  measurements  during  AlAs  MBE,  which  is  the 
system  we  have  studied  most  systematically  thus 
far,  and  in  which  REMS  oscillations  are  quite 
reproducible.  Even  under  such  favorable  condi¬ 
tions,  of  course,  careful  surface  preparation  is 
important:  prior  to  these  measurements,  a  1  /tm 
thick  GaAs  buffer  layer  was  grown  at  580  °C, 
followed  by  a  1  /I  m  thick  buffer  layer  of  AlAs  at 
620  °C. 

During  buffer  layer  growth,  and  during  all  of 
the  measurements  described  here,  the  surface  was 
bathed  in  a  flux  of  pure  molecular  AS4.  From 
previous  studies  [11],  the  As  fluxes  leaving  such  a 
surface  are  thought  to  consist  exclusively  of  AS4 
and  Asi.  A  superposition  of  the  cracking  patterns 
of  these  two  parent  molecules,  weighted  by  their 
relative  fluxes,  determines  the  measured  mass 
spectrum.  Hence,  to  deduce  the  fluxes  of  these  two 


parent  molecules,  it  is  necessary  to  measure  ion 
currents  at  two  mass/charge  {m/q)  ratios. 

In  this  study,  by  multiplexing  the  mass  spec¬ 
trometer  at  0.02s  s  intervals,  we  measured  ion 
currents  “simultaneously”  at  m/q  =150  amu/e 
(nominally  Asj),  and  m/q  =300  amu/e  (nomi¬ 
nally  AS4).  These  ion  currents  can  be  linearly 
related  to  the  fluxes  leaving  the  surface  according 
to: 

=  ">22(2^^)  +  ">24(47^:).  (1) 

«1^’^"  =  «»44(4a°?:)-  (2) 

The  three  matrix  elements  can  be  determined  from 
the  cracking  pattern  of  known  outgoing  AS4  fluxes, 
and  from  the  responses  of  outgoing  AS4  and  AS2 
fluxes  to  variations  in  temperature  and  group  III 
fluxes  during  MBE  [14].  For  the  operating  condi- 


AlAs/AlAs(00l);  0.32  BL/s  (eg3015) 


Fig.  1.  Time-resolved  AS4  and  As  2  fluxes  leaving  the  surface  during  AlAs  MBE  at  0.32  bilayers/s.  Initially,  the  Al  shutter  is  closed, 
so  that  all  the  AS4  that  strikes  the  surface  leaves,  either  as  "reflected"  AS4,  or  as  “desorbing"  As2.  At  f  =  30  s.  the  Al  shutter  is 
opened.  As  must  now  incorporate  into  the  growing  AlAs  crystal,  and  both  As  fluxes  leaving  the  surface  decrease.  Finally,  at  t  =  45  s, 
the  Al  shutter  is  closed,  and  the  As  fluxes  leaving  the  surface  return  to  their  initial  steady-state  values.  The  vertical  lines  indicate  the 
0.  2ir.  4ir  and  6ir  points  in  the  bilayer  growth  cycle,  relative  to  the  initiation  of  growth.  The  solid  line  drawn  through  the  data  is 

a  nonlinear-least-squares  Fit  to  eq.  (3). 
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Fig.  2,  Same  as  fig,  1.  except  at  a  growth  rate  of  0.45  bilayers/s. 


lions  of  this  study,  they  were  found  to  be  w  22  =  6.1 
nA  s/ML,  W24  =  1.2  nA  s/ML,  and  ^44  *  1.7  nA 
s/ML,  where  1  ML  represents  the  number  density 
of  As  (or  Al)  atoms  on  a  bulk-terminated  As  (or 
Al)  surface  of  AlAs  (001).  Then,  by  inverting  eqs. 
1  and  2.  outgoing  fluxes  can  be  deduced  from 
measured  ion  currents.  Note  that  the  ion  current 
at  tn/g=  150  amu/e  is  especially  sensitive  to  the 
As2  flux  leaving  the  surface,  while  the  ion  current 
at  m/q  =  300  amu /e  is  sensitive  exclusively  to  the 
AS4  flux  leaving  the  surface  [12). 

In  figs.  1  and  2.  we  show  two  examples  of 
outgoing  As  fluxes  during  AlAs  MBE  on  ALAs 
(001)  at  620  “C,  deduced  from  REMS  measure¬ 
ments  and  eqs.  (1)  and  (2).  For  both  figures  the 
AS4  flux  incident  on  the  surface  in  units  of  equiv¬ 
alent  As  atoms  was  4 *1.1  ML/s  ( »  6.9  X  10'* 
cm’^  s'*).  For  fig.  1  the  Al  flux  incident  on  the 
surface  was  fi^  *  0.32  ML/s  ( »  2.0  x  lO'*  cm"^ 
s“ ' )  for  fig.  2  it  was  j)S  *  0.45  ML/s  ( »  2.8  x  10'* 
cm~^  s”'). 

The  sequence  of  events  in  both  figures  is  as 
follows.  Initially,  for  /  <  30  s.  the  Al  shutter  is 


closed.  In  the  absence  of  growth,  all  the  AS4  that 
strikes  the  surface  ultimately  leaves.  Not  ail  the  As 
leaving  the  surface,  though,  leaves  as  AS4.  At  this 
relatively  high  temperature,  approximately  36%  of 
the  incident  AS4  cracks  and  ultimately  leaves  the 
surface  as  As  2. 

At  r  =  30  s.  the  Al  shutter  is  opened.  AlAs 
MBE  is  initiated,  and  both  the  reflecting  AS4  and 
desorbing  AS2  fluxes  decrease.  The  total  As  flux 
leaving  the  surface  decreases  by  0.32  ML/s  in  fig. 
1  and  by  0.45  ML/s  in  fig.  2.  so  as  to  consume 
exactly  the  Al  fluxes  incident  on  the  surface. 

Finally,  at  f  =  45  s.  the  Al  shutter  is  closed,  and 
all  the  outgoing  As  fluxes  recover  to  their  initial 
steady-state  values.  Note  that  in  neither  figure  is  a 
"  tail”  observed  in  those  recoveries.  The  absence  of 
such  a  tail  indicates  that  the  incident  Al  had 
already  been  entirely  consumed  by  As.  For  lower 
V/III  flux  ratios,  not  all  the  incident  Al  need  be 
so  consumed,  and  pronounced  tails  are  observed 
in  the  recovery  of  the  outgoing  As  fluxes  [14].  In 
this  study,  we  deliberately  avoided  V/III  flux 
ratios  (defined  as  jZ.yj\\)  lower  than  0.53,  both 
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to  avoid  such  tails,  as  well  as  to  avoid  deviations 
from  the  usual  As-stabilized  2x4  surface  recon¬ 
struction  during  growth. 

The  overall  features  seen  in  figs.  1  and  2  can  be 
qualitatively  understood  on  the  basis  of  a  balance 
between  (a)  cracking  of  incident  AS4  followed  by 
chemisorption  of  As,  which  increases  the  As 
coverage,  and  (b)  desorption  of  As,  and  chemiso¬ 
rption  of  Al,  which  decrease  the  As  coverage  [13]. 
Turning  on  the  Al  flux  decreases  the  As  coverage, 
and  thereby  increases  the  (presumably  Al-cover- 
age-dependent)  cracking  of  AS4  and  decreases  the 
(also  presumably  As-coverage-dependent)  desorp¬ 
tion  of  As,. 

These  overall  features  are  always  present,  even 
on  vicinal  surfaces,  or  on  nearly-singular  surfaces 
imperfectly  prepared.  They  therefore  probably 
represent  some  sort  of  average  behavior  of  a 
quasi-steady-staie  distribution  of  surface  defects. 
However,  on  well-prepared,  nearly-singular  sur¬ 
faces,  we  see,  superimposed  on  this  average  behav¬ 
ior.  oscillations  in  the  AS4  flux  leaving  the  surface. 
Qualitatively,  these  “REMS  oscillations”  are  most 
intense  under  approximately  the  same  conditions 
that  RHEED  oscillations  are  most  intense  (for 
AlAs,  in  the  temperature  range  590-640  °  C).  They 
are,  however,  somewhat  more  sensitive  than  are 
RHEED  oscillations  to  the  smoothness  of  the 
i  starting  surface.  We  have  found,  e.g.,  that  oscilla¬ 

tions  during  AlAs  MBE  can  only  be  reproduced 
con.sistently  at  620  "C  if  the  surface  is  first 
smoothened  by  a  growth  interruption  greater  than 
=  30  s.  At  lower  growth  temperatures,  either 
longer  interruptions  or  higher  temperature  anneal¬ 
ing  is  required. 

To  quantify  the  oscillations  in  figs.  1  and  2.  we 
have  performed  nonlinear  least-squares  fits  (shown 
as  solid  curves  through  the  decaying  portions  of 
the  outgoi.ng  AS4  fluxes)  to  the  empirical  form, 

/(/)= /I -(- Be  +Ce*^'''"’ 

xcos{2irj'( /-/„)- 0],  (3) 


where  *  29.92  s  is  the  time  at  which  the  Al 
shutter  was  opened.  The  first  two  terms  corre¬ 
spond  to  the  non-oscillatory  part  of  the  overall 
decay  of  the  outgoing  AS4  flux.  The  third  term 
corresponds  to  an  exponentially  damped  sinusoi- 


.  300 


D  200 
■o 


®  100 
a. 


1 _ L_ 

_ 1 _ 

J _ i_ 

_ L_ 

b 

n 

_ 

■'-'OS'-' 

- 

_ i_ 

_ i _ 

J _ i_ 

12  3  4 

Bilayer  Growth  Time  (s) 


Fig.  3.  REMS  osoillation  periods  i/v  (a)  and  phase  offsets  <J> 
(b)  deduced  from  fils  to  time-resolved  reflected  A.S4  fluxes 
such  as  those  shown  in  figs.  1  and  2.  as  a  function  of  bilayer 
growth  periods  known  from  thickness  and  RHEED  oscillation 
calibrations.  The  dashed  lines  represent  equivalence  between 
the  two  periods  (a)  and  113°  (b). 


dal  oscillation  with  frequency  v  and  phase  offset 
4>- 

The  best-fit  oscillation  periods,  1  /v.  for  meas¬ 
urements  at  various  growth  rates  are  shown  in  fig. 
3a.  As  can  be  seen,  they  agree  quite  well  with 
growth  rates  deduced  from  the  periodicity  of 
RHEED  oscillations.  They  also  agree,  from  in¬ 
spection  of  figs.  1  and  2,  with  the  decrease  in  the 
total  As  flux  leaving  the  surface  upon  opening  the 
Al  shutter.  Therefore,  from  a  technological  point 
of  view,  REMS  oscillations  and  As  REMS  “defi¬ 
cits”  are  both  potentially  useful  alternatives  to 
RHEED  oscillations  for  real-time  measurement  of 
growth  rate. 

It  is  evident  from  figs.  1  and  2,  however,  that 
the  REMS  oscillations  are  relatively  weak.  They 
damp  quickly  (on  a  time  scale  comparable  to  the 
oscillation  periods  themselves),  and  their  initial 
amplitudes  are  small  (roughly  5%  of  the  total  AS4 
flux  incident  on  the  surface).  It  is  therefore  not 
implausible  that  they  be  caused  directly  by  step 
density  oscillations  during  growth,  since  the  am- 
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plitude  of  such  oscillations  might  be  expected  to 
be  of  that  same  order  of  magnitude  [15]. 

Interestingly,  over  the  range  of  growth  condi¬ 
tions  studied  here,  the  phase  offset  of  the  oscilla¬ 
tions  relative  to  the  initiation  of  growth  is  <!><= 
113°,  as  shown  in  fig.  3b.  In  other  words,  AS4 
reacts  with  the  surface  least  rapidly  approximately 
1/4  of  the  way  through  the  bilayer  growth  cycle, 
and  most  rapidly  approximately  3/4  of  the  way 
through  the  bilayer  cycle.  Although  there  is  cur¬ 
rently  some  uncertainty  as  to  the  interpretation  of 
phase  offsets  observed  in  RHEED  oscillations, 
one  anticipates  that  at  the  1/4  bilayer  point  the 
creation  rate  of  steps  might  be  highest,  and  that  at 
the  3 /4  bilayer  point  the  annihilation  rate  of  steps 
might  be  highest  [16].  If  so,  then  the  creation  of 
new  steps  would  seem,  counterintuitively,  to  be 
associated  with  a  decrease  in  surface  As,  while  the 
annihilation  of  steps  would  seem  to  be  associated 
with  an  increase  in  surface  As. 

Finally,  it  is  interesting  to  note  that,  although 
the  reflected  AS4  flux  oscillates  measurably,  the 
desorbing  As,  flux  does  not.  Partly,  this  may  be 
because  at  these  growth  temperatures  the  As  2  de¬ 
sorption  fluxes  are  much  lower  than  AS4  reflected 
fluxes;  superimposed  oscillations  might  be  too 
weak  to  observe  with  our  present  signal-to-noise 
ratio.  However,  it  also  may  be  that  As2  desorbs 
only  slightly  differently  from  steps  as  from  ter¬ 
races. 

In  summary,  we  have  observed  oscillations  in 
AS4  incorporation  rates  during  molecular  beam 
epitaxy  of  AlAs,  GaAs  and  InAs.  The  oscillations 
are  periodic  with  the  bilayer-by-bilayer  growth 
cycle,  and  suggest  that  AlAs,  GaAs  and  InAs 
surface  chemistry  depend  on  surface  microstruc¬ 
ture.  It  will  be  exciting  to  explore  and  understand 
the  origin  of  that  dependence. 

In  particular,  it  will  be  interesting  to  under¬ 
stand  the  atomic  structure  of  steps  on  AlAs,  GaAs 
and  InAs  (001)  at  a  level  of  detail  comparable  to 
our  current  understanding  of  the  terrace  recon¬ 
structions  [17,18].  It  might  then  be  possible  to 
apply  electron  counting  arguments  [19]  to  deduce 
likely  sequences  of  intermediate  structures  during 
incorporation  at  steps  [20].  Such  electron  counting 
arguments  have  already  been  used  to  deduce  likely 
intermediate  structures  for  “homogeneous”  incor¬ 


poration  of  Ga  and  As  species  on  terraces  [21]. 
Indeed,  the  measurements  reported  here  appear  to 
be  consistent  with  such  a  mechanism.  However, 
experimental  evidence  appears  to  favor  the  domi¬ 
nance,  at  least  for  some  growth  conditions,  of 
mechanisms  for  “  hetergeneous”  incorporation  at 
defects  such  as  steps  [22,23],  Perhaps  both  mecha¬ 
nisms  are  important,  but  under  different  growth 
conditions. 

Ultimately,  it  will  of  course  be  interesting  to 
finally  combine  a  microscopic  understanding  of 
microstructure-dependent  elementary  attachment 
mechanisms  with  rate-equation  models  [24]  or 
Monte  Carlo  simulations  [25]  of  the  large-scale 
evolution  of  Ill/V  surface  microstructure,  and  to 
eventually  predict  macroscopic  measurements  such 
as  those  reported  here. 

We  would  like  to  acknowledge  helpful  con¬ 
versations  with  Jack  Houston  and  Paul  Peercy. 
This  work,  performed  at  Sandia  National  Labora¬ 
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The  behavior  of  real  substrate  temperature  for  radiatively  heated  MBE  holders  is  measured  using  changes  in  the  bandgap  and 
refractive  index  with  temperature.  The  infra-red  spectroscopy  techniques  utilized  are  not  sensitive  to  window  coating  and  have  no 
adjustable  parameters.  Using  bandgap  changes  with  temperature,  we  observed  that  the  change  in  real  substrate  temperature  is 
approximately  60%  that  of  the  indicated  thermocouple  change  and  that  variations  as  large  as  15°C  occurred  between  “nominally 
identical”  substrate  holders.  The  real  substrate  temperature  also  changes  by  up  to  10  “  C  during  growth  and  with  opening  and  closing 
of  high  temperature  doping  furnaces. 


1.  Introduction 

Accurate  substrate  temperature  measurement 
has  been  a  problem  for  molecular  beam  epitaxy 
(MBE)  since  the  introduction  of  rotating  substrate 
holders.  This  problem  was  further  exacerbated  by 
non-In-bonded,  radiatively  heated  substrate  hol¬ 
ders.  While  these  innovations  have  significantly 
improved  MBE  growth,  they  have  created  prob¬ 
lems  for  both  accurate  substrate  temperature 
measurement  and  control  because  the  monitoring 
thermocouple  is  not  in  direct  contact  with  the 
substrate.  This  separation  causes  a  discrepancy 
between  the  real  substrate  temperature  and  the 
monitoring  thermocouple  measured  temperature, 
since  the  thermocouple  senses  the  combined  ef¬ 
fects  of  the  substrate  heater,  the  holder,  the  source 
furnaces  and  the  substrate.  It  is  also  sensitive  to 
the  thermocouple  location  in  the  cavity.  Because 
of  the  question  of  how  strongly  the  thermocouple 
is  coupled  lO  the  substrate  versus  the  cavity,  we 
have  examined  the  sensitivity  of  the  thermocouple 
to  measure  changes  in  the  radiation  environment 
resulting  from  a  variety  of  effects. 

In  this  work,  we  have  extended  our  previous 
work  utilizing  optical  spectroscopy  to  measure 
substrate  temperature  using  the  temperature  de¬ 
pendence  of  the  bandgap  energy  [1].  We  also 
report  a  new  method  utilizing  the  temperature 
dependence  of  the  refractive  index  in  either  trans¬ 


mission  or  reflection  mode,  which  is  useful  with 
opaque  substrates  or  at  low  temperatures.  Both 
methods  use  material-dependent  parameters  with 
no  adjustable  factors,  such  as  emissivity.  Both 
utilize  spectral  shape  rather  than  absolute  radiated 
power  as  the  measurable  quantity  and  are  thus 
unaffected  by  window  absorption  or  coating  with 
time.  We  utilize  these  techniques  to  clearly  dem¬ 
onstrate  some  of  the  long  suspected  problems  of 
current  MBE  thermocouple  measurements;  tem- 
p>erature  changes  during  growth,  run  to  run  varia¬ 
tions  with  different,  but  “nominally  identical” 
substrate  holders  and  the  effects  of  opening  hot 
furnace  shutters  during  growth. 


2.  Experimental  procedure 

Our  MBE  system  is  a  3  inch  Varian  GEN-II 
machine.  The  optical  spectroscopy  measurement 
system  is  identical  to  that  which  we  utilized  before 
[1],  with  the  exception  of  the  detector,  which  is 
now  a  1  mm^  germanium  avalanche  photodiode 
operated  at  room  temperature.  The  system  resolu¬ 
tion  is  ~  2  A  depending  on  spectrometer  slit 
width.  This  corresponds  to  about  1°C  tempera¬ 
ture  resolution,  which  can  be  achieved  at  higher 
temperatures  {>700°C).  At  lower  temperatures, 
because  of  lower  radiated  power  from  the  heater. 
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the  resolution  is  ~  2°C  and  the  limiting  factor  is 
noise  from  the  uncooled  Ge  detector. 

The  wafers  used  in  these  experiments  were  500 
/rm  thick,  double  side  polished.  2  inch  diameter 
GaAs  wafers.  They  were  mounted  on  standard 
Varian  2  inch  Mo  inserts,  fitted  to  the  3  inch 
substrate  holder  [2],  Substrates  are  viewed  through 
a  1  inch  diameter  sapphire  window  in  the  center 
of  the  source  shroud.  For  transmission  mode  mea¬ 
surements,  the  substrate  heater  is  used  as  the  light 
source;  for  reflection  mode  measurements,  a 
tungsten  lamp  is  incident  through  the  viewport 
and  the  reflected  beam  is  collected  by  the  fiber 
bundle  without  an  imaging  lens. 

3.  Results  and  discussion 

3.1.  Temperature  measurement  hv  absorption  edge 
shift 

Since  GaAs  is  a  direct  bandgap  material,  it  has 
a  well  defined,  sharp  absorption  edge.  Proper  ex¬ 
traction  of  the  absorption  characteristic  can  pro¬ 
vide  an  accurate  measure  of  the  substrate  temper¬ 
ature.  A  series  of  transmission  spectra  through  a 
semi-insulating  (SI)  GaAs  substrate  at  various 
thermocouple  settings  are  shown  in  fig.  1.  There 
are  three  regions  in  the  spectra  and  all  three  are 
utilized  to  extract  a  reproducible  bandedge  for 
analysis.  (We  pick  the  800  °C  curve  to  define  the 
three  regions.)  The  first  region,  between  11,000 
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Fig.  1,  Transmission  spectra  through  a  semi-insulating  GaAs 
substrate  at  various  thermocouple  temperatures. 


Photon  Energy  (eV) 

Fig.  2.  Normalized  transmission  vs  wavelength  curves  extracted 
from  the  data  of  fig.  1. 

and  12.000  A.  corresponds  to  blackbody  radiation 
from  the  substrate.  In  this  region,  light  from  the 
heater  is  completely  absorbed.  The  second  region, 
between  12.000  and  12.400  A,  is  due  to  the  ab¬ 
sorption  characteristic  of  the  wafer.  The  third 
region,  between  12,600  and  13.000  A,  is  due  to 
blackbody  radiation  from  the  heating  element  be¬ 
cause  the  wafer  is  transparent  in  this  region. 

In  order  to  extract  reliable  absorption  char¬ 
acteristics  from  these  curves,  we  first  measure  the 
combined  characteristics  of  the  heater  blackbody 
emission  and  measurement  system  transfer  char¬ 
acteristic  (window,  lens,  fiber,  spectrometer  and 
detector)  without  a  wafer  in  the  holder.  We  then 
divide  the  spectrum  in  fig.  1  by  this  emission 
spectrum-system  transfer  function.  The  blackbody 
emission  from  the  substrate  is  then  subtracted  and 
the  spectrum  is  normalized.  A  series  of  normalized 
transmission  spectra  corresponding  to  different 
thermocouple  temperatures  are  shown  in  fig.  2. 
These  spectra  clearly  show  sharp  absorption  char¬ 
acteristics  for  different  temperatures;  however,  the 
expected  exponential  variation  of  the  absorption 
coefficient  at  the  bandgap  is  hidden  by  residual 
blackbody  radiation  from  the  wafer.  With  this 
uncertainty,  we  have  opted  to  use  an  extrapolation 
between  the  30%  and  70%  points  to  find  the  50% 
point  of  the  normalized  spectra  as  the  measure  of 
bandgap  energy. 

The  extracted  bandgap  variation  versus  MBE 
thermocouple  temperature  (df^/dT)  exhibits  a 
substantial  difference  compared  to  the  values 
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measured  by  Thurmond  [3]  with  a  thermocouple 
connected  directly  to  the  substrate.  The  variation 
in  real  temperature  is  approximately  60%  that 
indicated  by  the  MBE  thermocouple  between  600 
and  800  °  C.  This  same  discrepancy  in  temperature 
has  been  observed  by  pyrometer  [2].  We  believe 
this  discrepancy  is  largely  from  coupling  between 
the  radiative  heating  element  and  the  temperature 
controlling  thermocouple,  which  is  located  about  2 
mm  behind  the  center  of  the  substrate.  Since  the 
healing  element  is  much  hotter  than  the  substrate, 
even  weak  coupling  from  the  radiator  will  seri¬ 
ously  effect  the  thermocouple  reading.  In  our  sys¬ 
tem,  a  1°C  increase  in  thermocouple  reading  is 
composed  of  a  0.6  “C  increase  in  real  substrate 
temperature  and  a  0.4°  C  increase  due  to  thermal 
coupling. 

It  has  long  been  suspected  that  the  actual  sub¬ 
strate  temperature  changes  during  growth.  We 
have  measured  the  thermal  effect  of  GaAs  coating 
a  shiny  substrate  holder  during  growth.  The  holder 
starts  out  freshly  etched  and  metallic.  We  first 
measure  the  transmission  spectrum  of  a  semi-in- 
sulaling  GaAs  substrate  at  600,  620  and  640° C  on 
a  clean  holder.  Spectra  were  measured  with  and 
without  substrate  rotation  and  there  was  no  dif¬ 
ference.  The  measurement  was  repeated  after 
growing  20  jam  of  undoped  GaAs  with  a  constant 
set  point  of  620  °C,  as  shown  in  fig.  3.  After  20 
|im  of  GaAs  deposition,  the  holder  becomes  dark. 
While  the  substrate  set-point  and  thermocouple 
reading  are  identical,  the  actual  substrate  tempera¬ 
ture  on  the  darker  holder  is  lower  by  10  °C.  We 
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Fig.  3.  Normah/.ed  transmission  spectra  of  a  Sf  fiaA.s  substrate 
for  shiny  and  dark  (coated  by  20  /im  of  (iaAs)  holder  surface. 


believe  that  the  emissivity  of  the  substrate  insert 
increases  both  because  the  emissivity  of  GaAs  is 
larger  than  Mo  and  because  the  deposited  GaAs  is 
polycrystal  with  a  roughened  and  darkened 
surface.  The  measured  radiation  from  the  heater 
indicates  a  temperature  increase  to  maintain  the 
same  cavity  and  thermocouple  temperature.  Since 
the  thermocouple  reading  is  a  weighted  average  of 
the  heating  element  and  real  substrate  tempera¬ 
ture,  the  higher  heating  element  temperature  means 
a  lower  real  substrate  temperature  for  the  same 
thermocouple  reading. 

Using  this  same  technique,  we  measured  the 
temperature  variation  between  3  different,  but 
“nominally  identical”  holders.  These  holders  were 
all  freshly  etched,  baked  and  had  ~  5  jam  of 
GaAs  deposited  on  them.  However,  for  the  same 
set  point  and  thermocouple  reading  of  600  °  C,  we 
observed  a  holder  to  holder  variation  of  15  °C  in 
real  substrate  temperature  as  measured  by  the 
bandedge  shift.  We  also  compared  the  real  tem¬ 
perature  of  an  11  substrate  with  a  SI  substrates. 
Not  surprisingly,  the  added  free  carrier  absorption 
of  the  doped  substrate  results  in  a  25 °C  higher 
temperature  for  the  doped  substrate. 

3.2.  Temperature  mea.suremem  from  refractive  in- 
de.x  change 

Yoffe  et  al.  (4)  demonstrated  that  an  AlGaAs/ 
GaAs  quarter-wave  interference  filler  has  a  sig¬ 
nificant  spectral  shift  with  changes  of  tempera¬ 
ture.  A  quarter-wave  filter  consists  of  alternating 
layers  of  two  materials  with  different  refractive 
indices,  but  identical  quarter-wave  optical  length 
(thickness  X  refractive  index).  Yoffe  [5]  demon¬ 
strated  that  the  peak  shift  in  these  filters  is  linear 
with  refractive  index  changes  up  to  more  than 
10%.  Since  the  refractive  indices  of  GaAs  and 
AlAs  are  sensitive  to  temperature  changes,  the.se 
structures  can  be  u.sed  to  measure  the  actual  sub¬ 
strate  surface  temperature  by  measuring  shifts  of 
either  the  transmission  of  reflection  spectra.  The 
experimental  structures  consisted  of  alternating 
layers  of  GaAs  and  AlAs  with  the  same  optical 
length.  Since  the  detectivity  of  Ge  detectors  drops 
rapidly  beyond  1.5  /rm  and  the  bandgap  of  GaAs 
at  550°C  is  --  1.1  eV  (1.1  gm),  the  available 
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window  for  the  present  set-up  for  transmission 
measurements  is  between  1.1  and  1.5  jim.  We  thus 
selected  GaAs  and  AlAs  thicknesses  of  900  and 
1050  A,  respectively.  The  growth  rate  was 
calibrated  by  reflection  high-energy  electron  dif¬ 
fraction  (RHEED)  oscillations  just  prior  to  growth. 
After  the  growth,  the  transmission  spectra  shift 
with  temperature  was  measured.  Due  to  con¬ 
straints  of  our  experimental  set-up,  the  calibration 
spectral  shift  measurements  were  made  between 
30  and  150°  C.  The  shift  was  linear  with  a  slope  of 
0.98  A/  °  C.  Since  the  refractive  index  versus  tem¬ 
perature  of  GaAs  and  AlAs  (6)  are  not  known  for 
the  higher  temperature  range  of  MBE  interest, 
accurate  measurements  need  to  be  done  to  obtain 
accurate  absolute  temperatures.  Transmission 
spectra  are  normalized  by  the  substrate  heater 
radiation  intensity.  The  spectra  shown  in  fig.  4 
clearly  demonstrate  the  temperature  shift,  with 
little  spectral  shape  change.  However,  we  observe 
a  change  in  the  rate  of  the  shift  from  a  low 
temperature  value  of  0.98  to  0.84  A/°C  at  600  °C. 
This  same  type  of  discrepancy  between  thermo¬ 
couple  and  actual  substrate  temperature  was  ob¬ 
served  in  the  band  edge  measurement  described 
previously. 

Using  the  transmission  spectra  shift  of  the 
above  quarter-wave  filters,  we  measured  the  effect 
of  source  furnace  shutter  opening  on  substrate 
temperature.  The  system  is  set  to  maintain  a  con¬ 
stant  value  of  the  substrate  thermocouple  and  the 
substrate  is  not  rotated  to  eliminate  layer  nonuni¬ 
formity  effects.  The  transmission  spectrum  is  first 
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Fig.  4.  Normalized  iransmission  spectra  through  a  quarter^wav 
filter  as  a  function  of  measured  thermocouple  temperature. 


T.C.*450*C 


Fig.  5.  Substrate  temperature  variation  with  source  furnace 
shutter  opening  and  furnace  temperature  change,  (a)  Optical 
intensity  as  a  function  of  wavelength  at  4S0  (solid  curve)  and 
458  (dashed  curve),  respectively.  The  substrate  thermocou¬ 
ple  reading  was  constant  at  450  during  this  measurement, 
(b)  intensity  increase  as  a  function  of  time  for  first,  the  shutter 
opening  with  an  n00®C  furnace  temperature,  and  second,  an 
increase  in  furnace  temperature  to  1200®C. 


scanned,  and  the  spectrometer  is  then  set  to  a 
wavelength  (X  or  X'  in  fig.  5a).  Since  the  transmis¬ 
sion  spectrum  moves  by  -  1  A/°C.  the  intensity 
change  at  a  given  wavelength  is  a  direct  measure 
of  the  substrate  temperature  fluctuation.  Ihe  in¬ 
tensity  change  when  a  source  shutter  is  opened  is 
.shown  in  fig.  5b.  In  fig.  5a.  the  solid  line  corre¬ 
sponds  to  a  transmi.ssion  spectrum  at  450  °  C.  The 
dashed  line  is  shifted  8  A  from  the  solid  line,  thus 
corresponding  to  an  increase  of  8°C  in  the  sub¬ 
strate  temperature  due  to  substrate  heating  from 
the  open  source.  In  order  to  verify  that  this  inten¬ 
sity  change  is  not  due  to  heater  emission  intensity 
change  or  stray  light  from  the  .source  furnace,  the 
same  measurement  was  done  at  X'.  The  measure¬ 
ment  shows  a  dip.  corresponding  to  the  same 
spectral  shift  as  before.  In  this  measurement,  the 
thermixrouple  reading  has  been  kept  at  the  same 
temperature.  Since  high  temperature  sources,  like 
Ga.  Al.  and  Si.  are  open  during  the  growth,  the 
actual  temperature  during  this  time  might  be  much 
higher  than  that  measured  with  all  the  sources 
closed.  This  effect  might  explain  some  of  the 
temperature  discrepancies  which  occur  between 
different  MBE  systems.  Some  growers  use  the 
substrate  thermocouple  for  maintaining  tempera¬ 
ture  during  the  entire  growth,  while  others  set  the 
growth  temperature  by  infrared  pyrometer  with  all 
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of  the  sources  closed.  During  growth,  the  thermo¬ 
couple  maintains  the  same  cavity  and  thermocou¬ 
ple  temperature,  however,  the  real  substrate  tem¬ 
perature  might  easily  vary  by  25  °C  or  more  due 
to  deposition  on  the  substrate  holder  and  different 
furnace  operating  temperatures  and  configura¬ 
tions. 

Another  variation  of  temperature  measurement 
with  the  quarter-wave  filter  is  in  a  system  where 
no  light  source  is  available  (i.e.  either  the  substrate 
heater  is  at  too  low  a  temperature  to  provide 
useful  radiation  or  the  substrate  is  opaque).  Since 
very  little  absorption  is  involved  in  the  quarter- 
wave  filter,  reflection  can  be  used  as  well  as  trans¬ 
mission.  Using  a  pencil  like  beam  from  a  well 
columnated  light  source,  the  reflection  mode  can 
be  used  to  measure  temperature.  It  is  also  useful 
to  measure  temperature  variations  across  a  wafer 

[7]. 

4.  Conclusioas 

Using  bandgap  changes  with  temperature,  we 
observed  that  the  real  substrate  temperature  does 
not  accurately  follow  the  thermocouple  reading. 
The  real  substrate  temperature  for  identical  sub¬ 
strate  holders  showed  approximately  15°C  varia¬ 
tion  in  the  actual  substrate  temperature  at  the 
same  thermocouple  reading.  Also,  the  real  sub¬ 
strate  temperature  exhibited  differences  depend¬ 
ing  upon  holder  finish  or  coating  with  GaAs. 
Using  a  quarter-wave  filter,  we  found  that  the  real 
substrate  temperature  varies  by  as  much  as  10  °C 
when  a  single  Si  doping  furnace  at  1200°C  is 


opened  while  the  thermocouple  was  maintaining 
the  same  set  point  temperature.  All  of  these  results 
show  that  in  growths  requiring  accurate  tempera¬ 
ture  measurement  and  control,  we  cannot  rely  on 
the  current  MBE  thermocouple  configuration  for 
adequate  input  for  system  temperature  control. 
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A  novel  in-situ  molecular  beam  epitaxy  monitoring  system  using  low 
energy  ion  scattering 

Minoru  Kubo  and  Tadashi  Narusawa 

Semiconductor  Research  Center.  Matsushita  Electric  Industrial  Co..  Ltd..  Moriguchi.  Osaka  S70.  Japan 


Low  energy  ion  scattering  (LEIS)  is  introduced  as  a  novel  in-siiu  molecular  beam  epitaxy  (MBE)  monitor,  which  is  highly 
sensitive  to  local  atomic  structures  of  the  substrate  surface  and  provides  information  complementary  to  the  conventional  electron 
diffraction  techniques.  LEIS  is  applied  to  a  study  of  surface  steps  of  GaAs  substrates  during  MBE  growth.  By  demonstrating  the 
sensitivity  of  the  new  monitor  to  atomic  steps  on  the  substrate  surface,  we  demonstrate  its  usefulness  for  analyses  of  dynamical 
surface  defect  processes,  which  often  play  a  crucial  role  in  the  growth  of  sophisticated  device  structures 


I.  Introduction 

In-situ  monitoring  of  molecular  beam  epitaxy 
(MBE)  has  been  carried  out  mainly  by  methods  of 
electron  diffraction,  namely,  reflection  high-en¬ 
ergy  electron  diffraction  (RHEED)  and  variations 
such  as  micro-beam  RHEED  and  scanning 
RHEED.  These  techniques  have  provided  useful 
information  towards  improving  epitaxial  film 
growth  (1-3).  These  diffraction  techniques  require 
long  range  order  in  the  substrate/ film  atomic 
structure,  and  therefore  detailed  local  structural 
information  .such  as  surface  step  densities  and 
other  .structural  parameters  has  not  been  obtained. 
We  introduce  here  a  novel  in-situ  MBE  monitor¬ 
ing  system  [4],  low  energy  ion  scattering  (LEIS),  as 
a  structure-sensitive  analytical  method  [5.6].  It 
utilizes  keV  He*  ion  scattering  at  the  surface 
which  is  particularly  sensitive  to  the  local  surface 
atomic  structure  during  MBE  growth.  Therefore, 
the  information  provided  by  our  method  is  com¬ 
plementary  to  conventional  RHEED  techniques, 
and  useful  for  precise  control  of  MBE  growth 
conditions. 

In  this  paper  we  describe  the  apparatus  and 
apply  LEIS  to  a  study  of  .surface  steps  during  the 
MBE  growth  of  GaAs.  We  first  observe  a  char¬ 
acteristic  variation  of  the  He*  ion  scattering  in¬ 
tensity  with  respect  to  the  incident  angles  of  He* 


ions  to  substrate  surface,  then  find  a  linear  corre¬ 
lation  between  the  surface  step  density  and  the 
He*  ion  scattering  intensity  under  a  certain 
scattering  geometry.  These  results  demonstrate  a 
unique  application  of  LEIS. 


2.  Experimental 

The  MBE- LEIS  system  is  shown  schematically 
in  fig.  1.  The  LEIS  beam  line  and  spectrometer  is 
combined  with  a  MBE  chamber  via  a  70  mm  port. 
The  He  *  ion  beam  is  produced  in  an  ion  source  of 
electron-impact  type,  and  accelerated  in  the  range 
of  0.5-5  keV.  After  being  shaped  into  a  pulsed 
beam  by  two  pairs  of  electrostatic  deflection  plates, 
the  ion  beam  impinges  on  the  substrate  surface. 
The  beam  current  and  diameter  are  10  nA  and 
—  10  mm.  respectively, a  t  the  substrate  surface. 
Scattered  particle.s,  both  ions  and  neutrals,  are 
energy-analyzed  by  a  time-of-flight  (TOP)  .spec¬ 
trometer  and  detected  by  a  microchannel  plate 
(MCP)  with  1  ns  re.solution.  Two  MCPs  are  located 
at  the  scattering  angles  of  160°  and  180°,  but  the 
180°  detector  is  mainly  u.sed  in  the  present  study 
for  the  ease  of  analysis.  Details  of  the  system  are 
described  elsewhere  [4]. 

Experiments  were  carried  out  by  iteration  of 
MBE  growths  and  LEIS  measurements.  The  MBE 
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Fig.  1.  Schematics  of  MBE-LEIS  apparatus. 


growth  used  conventional  K-cell  and  shutter  sys¬ 
tems.  The  substrates  were  n-type  GaAs  miss-ori¬ 
ented  off  the  [100]  axis  by  2°-6°.  These  wafers 
were  used  for  calibration  measurements  of  surface 
step  densities.  The  substrates  were  mounted  on  a 
2-axis  UHV  goniometer.  Angular  distribution  of 
scattering  intensities  was  measured  by  rotating  the 
substrate  with  a  stepping  motor.  The  ion  dosage 
per  spectral  measurement  was  approximately  0.02 
fiC/cnr.  which  is  2—3  orders  below  the  value 
that  may  cause  a  damage  to  surface  atomic  struc¬ 
ture. 


3.  Residts  and  discussion 

3.1.  Angular  distribution  of  LEIS  it.t-  isity 

Fig.  2  shows  typical  TOF  spectra  of  He  par¬ 
ticles  scattered  by  thermally  cleaned  GaAs(lOO) 
surface.  The  incident  angles  of  He  ion  beam  to  the 
substrate  surface  (a)  are  at  43.2°  and  57.6°  in  the 
(001)  plane.  Although  we  cannot  clearly  dis¬ 
tinguish  between  Ga  and  As  in  the  spectrum  there 
exists  a  drastic  change  in  the  scattering  intensity. 
When  a  =  45°,  the  incidence  is  along  the  (110) 
channeling  direction,  and  scattering  is  limited  only 
from  a  few  topmost  layers  because  of  shadowing 
effects.  In  contrast,  the  scattering  intensity  at  a  = 
60°  is  greatly  enhanced.  The  shadow  cone  radius 


R{A)  at  distance  L{A)  in  the  present  regime  is 
represented  by  [7,8]: 

R  =  (0.924  -  0.182  ln(a)  +  0.0008a)  X  2(hL)'"^^ 
a  =  2(f)L)'^Va-  b=^Z^Z^e^/E. 


He*  1.6K.eV 
GaAs(IOO) 


■  010  ■ 


a  =  57.6 


0  =  43.2 


6  8 
FLIGHT  TIME  (psec) 


10 


Fig.  2.  Time  of  flight  spectra  of  He  particles  scattered  by 
GaAsflOO)  surface.  The  incident  angle  of  the  He*  ion  beam  ot 
the  substrate  surface  is  57.6“  (upper  panel),  and  43.2"  (lower 
panel). 
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angle  of  ion  beam  is  smaller  than  a  certain  critical 
value  (a^),  the  backward  ion  scattering  cannot  be 
observed  [9-11],  We  call  this  the  surface  shadow¬ 
ing  effect.  In  practical  measurements  by  LEIS  in 
the  (110)  and  (010)  planes,  the  critical  angles  are 
calculated  to  be  about  15°  and  12°,  respiectively 
from  =  tan“’(/?/L),  where  L  is  the  nearest- 
neighbor  distance  along  each  azimuthal  direction. 
These  rather  large  values  of  the  critical  angle 
originate  from  the  large  scattering  cross  sections 
for  low  energy  ions,  and  enable  measurements  of 
the  profile  near  a^.  As  we  see  in  fig.  4,  surface 
imperfections  such  as  vacancies  and  steps  bring 
about  the  backward  scattering  even  when  the  inci¬ 
dent  angle  is  below  a^,.  The  scattering  intensity  in 
such  a  geometry,  therefore,  offers  a  sensitive  meas¬ 
ure  of  the  density  of  surface  imperfections. 

In  order  to  calibrate  the  scattering  intensity 
near  the  critical  angle  against  the  surface  step 
density,  we  have  made  measurements  using  just 
(1(K))  oriented  and  slightly  off-angled  GaAs  wafers. 
The  wafers  were  thoroughly  cleaned  thermally  at 
500  °C  in  an  As  environment.  Off-angled  wafers 
were  assumed  to  contain  equally  spaced  di-atomic 
steps.  The  density  of  such  surface  steps  was  calcu¬ 
lated  for  each  off-angled  wafer,  and  expressed  in 
units  of  cm"’,  i.e.  the  total  length  of  step  per  unit 
area. 

Results  of  measurements  and  calculation  are 
shown  in  figs.  5  and  6.  Since  the  wafers  are 
off-angled  toward  the  (111)  direction,  angular 
scans  were  made  in  the  (110)  plane,  so  that  the  ion 
beam  hits  the  step  line  perpendicularly.  The  pro¬ 
file  for  the  just  oriented  wafer  in  fig.  5  shows  a 
steep  decrease  in  the  scattering  intensity  near  the 
critical  angle,  whereas  those  for  off-angled  wafers 
have  significant  bumps  around  a  =  10  °  indicating 
the  scattering  by  surface  steps.  The  scattering  in¬ 
tensity  evaluated  for  each  profile  is  plotted  against 
the  calculated  surface  step  density  in  fig.  6.  The 
three  plots  show  a  fair  linearity  and  suggest  that 
the  scattering  intensity  at  just  below  the  critical 
angle  is.  in  fact,  proportional  to  the  surface  step 
density.  However,  the  extrapolated  line  does  not 
pass  through  the  origin  of  the  coordinate.  The 
content  of  this  offset  is  not  clear,  but  may  result 
from  a  misassumption  that  the  just  oriented  wafer 
is  completely  step-free,  or  a  misevaluation  of  the 
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Scattering  intensity  as  a  function  of  incident  angles  for 
GaAs(100)  surface. 


where  E  is  the  ion  beam  energy  (eVj,  a  is  the 
screening  length,  0.4685/(2,’^^  -t-  for  the 

atomic  numbers  Z,  and  Z,,  and  =  14.4  eV  A. 
Putting  appropriate  values  for  these  parameters  in 
the  equation,  we  find  that  the  envelope  of  the 
shadow  cone  by  the  1st  layer  atom  coincides  with 
the  location  of  the  2nd  layer  atom  within  an  error 
of  0.1  A.  This  is  the  so-called  focussing  effect  of 
ion  beams. 

The  overall  angular  distribution  of  scattering 
intensity  is  shown  in  fig.  3.  The  profile  is  symmet¬ 
ric  reflecting  the  high  crystalline  quality  of  the 
substrate.  The  channeling  dips  can  be  seen  at 
a  =  45°,  90°,  and  135°  together  with  the  focuss¬ 
ing  peaks  at  several  angles.  In  the  next  section,  we 
pay  attention  to  the  profile  in  the  vicinity  of  0°, 
which  provides  surface  step-related  information. 

3.2.  Scattering  by  surface  steps 

As  schematically  shown  in  fig.  4,  if  the  sub¬ 
strate  surface  is  ideally  flat  and  when  the  incident 
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Fig.  4.  Schematics  of  surface  step  structure  and  the  principle  of 
surface  step  detection  by  LEIS. 
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Fig.  S.  Angular  profiles  of  scattering  intensity  from  several 
off-angled  substrate  surface. 


extra  scattering  intensity.  In  any  case,  further  study 
is  necessary  to  clarify  the  point. 

3.3.  As  incorporation  into  Ga  clusters 

We  have  applied  LEIS  to  monitor  the  surface 
steps  during  MBE  growth  of  GaAs.  By  opening 
only  the  shutter  for  the  Ga  K  cell,  Ga  clusters 
were  formed  on  a  clean  CaAs(100)  substrate  at 


STEP  DENSITY  (10®/cm) 

Fig.  6.  Dependence  of  scattering  intensity  (at  a  >  9° )  on  step 
density. 


Fig.  7.  Dependence  of  scattering  intensity  on  substrate  temper¬ 
ature  during  MBE  growth. 


-400°C.  The  average  film  thickness  was  ~  20 
monolayers.  At  this  stage,  the  scattering  intensity 
at  <  was  very  high,  reflecting  a  roughness  of 
the  substrate  surface.  Then  the  AS4  flux  of  ~  4  x 
10'*  Torr  was  supplied  with  the  substrate  temper¬ 
ature  raised  step  by  step.  Variation  of  the  scatter¬ 
ing  intensity  at  a  =  9°  ( <  a,.)  in  the  course  of  this 
temperature  increase  is  shown  in  fig.  7.  The 
scattering  intensity  from  the  clean  surface  and 
from  as-Ga-deposited  surface  are  labeled  A  and  B. 
respectively.  With  the  increase  in  the  substrate 
temperature,  the  scattering  intensity  decreases.  The 
tendency  is  notable  in  the  temperature  range  of 
500-600  °C.  In  fig.  7  the  scattering  intensity  does 
not  recover  completely  from  the  level  B  to  A  even 
after  heating  at  ~  800  "C  for  several  minutes. 
This  indicates  that  -  20  monolayers  of  Ga  atoms 
are  too  thick  to  be  flattened  out  thermally.  Another 
possibility  is  a  spontaneous  formation  at  such  a 
high  temperatures  as  --  800  “  C. 

The  results  described  above  suggest  that  the 
initial  Ga  clusters  are  flattened  out  due  to  a  com¬ 
petitive  phenomenon  of  the  migration  of  Ga  atoms 
and  adsorption  of  As  atoms.  Once  a  migrating  Ga 
atom  reacts  with  an  As  atom,  a  stable  GaAs 
“molecule”  is  formed  and  is  bound  to  a  certain 
site  in  the  substrate  surface.  The  As  atoms  do  not 
adsorb  onto  such  sites  but  only  to  free  Ga  atoms. 
If  this  is  the  case,  the  incorporation  of  As  atoms 
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into  Ga  clusters  would  strongly  depend  on  the  AS4 
flux,  the  substrate  temperature,  and  the  size  of  the 
Ga  clusters.  When  the  size  is  too  big,  migration  of 
Ga  atoms  out  of  the  cluster  may  be  restrained 
because  the  average  migration  distance  is  limited 
under  a  given  AS4  flux  and  a  substrate  tempera¬ 
ture.  This  speculation  has  been  confirmed  by  ob¬ 
serving  the  complete  recovery  of  the  scattering 
intensity  in  the  case  of  the  initial  Ga  coverage  of 
-  3  monolayers. 

4.  Summary 

We  have  developed  a  novel  in-situ  MBE  moni¬ 
toring,  LEIS,  which  is  highly  sensitive  to  local 
atomic  structures  of  the  substrate  surface,  and 
provides  us  with  information  which  is  complemen¬ 
tary  to  conventional  electron  diffraction  tech¬ 
niques.  The  monitor  is  useful  in  dynamical 
analyses  of  local  surface  structures  like  surface 
vacancies  and  steps,  and  applied  to  a  study  of 
surface  steps  on  GaAs  substrates  during  MBE 
growth.  We  have  demonstrated  the  use  of  the 
surface  shadowing  effect,  the  linearity  between  the 
surface  step  density  and  He*  ion  scattering  inten¬ 
sity  under  the  surface  shadowing  geometry,  and 
the  usefulness  of  our  monitor  in  analyses  of  dy¬ 
namical  surface  phenomena  such  as  the  incorpora¬ 
tion  of  As  atoms  into  Ga  clusters. 
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Recent  measurements  which  demonstrate  the  occurrence  of  surface  segregation  during  the  MBE  growth  of  Illjlllb-V  ternary 
semiconductor  alloys  and  lII,-V/IIIb-V  heterostructures  are  reviewed.  This  preferential  segregation  drives  to  the  surface  one  of  the 
third-column  elements  involved,  to  the  expense  of  the  other,  within  their  common  sublattice.  In  ternary  alloys,  the  surface  is  found  to 
be  nearly  binary,  and  a  short-scale  interface  roughness  is  delected  in  heterostruclures.  For  arsenides,  the  direction  and  extent  of  the 
segregation  process  follow  the  In  >  Ga  s  Al  order.  We  discuss  possible  origins  for  the  segregation  process  and  the  ability  of  standard 
segregation  models  to  describe  the  results  on  ternary  alloys  and  to  predict  composition  profiles  for  any  given  heterostructure.  These 
predictions  are  compared  to  recent  measurements  by  high-resolution  microscopy,  ion  scattering,  photo-luminescence,  or  Raman 
scattering.  Possible  applications  of  the  segregation  process,  and  also  remedies  for  avoiding  it  are  finally  discussed. 


1.  Introduction 

High-quality  materials  can  now  be  built  by 
molecular-beam  epitaxy  (MBE)  into  complex 
tailored  structures  with  pattern  sizes  down  to 
atomic  distances  such  as  superlattice  alloys,  ultra- 
thin  quantum  wells  with  lattice-mismatched  com¬ 
pounds,  tilted  superlattices  obtained  by  fractional 
monolayer  growth,  etc.  At  such  pattern  sizes,  and 
with  such  steep  composition  and  lattice  parameter 
gradients,  the  heterointerface  roughness  is  all  the 
more  important.  Obviously,  maximum  care  must 
be  exercised  in  MBE  procedures,  for  instance  by 
optimizing  the  accuracy  of  fractional  deposits  and 
smoothing  the  layers  by  growth  interruptions. 
However,  even  with  optimal  precautions,  leading 
to  a  perfectly  flat  growth  surface  at  the  comple¬ 
tion  of  each  monolayer,  can  intrinsic  atomic  dis¬ 
placements  still  limit  the  abruptness  of  the  final 
interface?  In  other  words,  is  there  some  kind  of 
quantum  limit  to  the  quality  of  interfaces  on  the 

*  Present  address:  Bellcore.  331  Newnuut  Springs  Road,  Red 
Bank.  New  Jersey  07701 .  USA. 


atomic  level?  At  usual  growth  temperatures  (s 
600  °  C).  bulk  diffusion  is  not  operative  due  to  the 
lack  of  vacancies;  atomic  arrangments  are  de¬ 
termined  during  growth  by  surface  or  near-surface 
processes  and  frozen  after  burial.  Surface-located 
displacements  which  provide  the  surface  mobility 
are  necessary  to  obtain  high-quality  material,  but 
they  can  simultaneously  lead  to  exchanges  be¬ 
tween  substrate  atoms  and  impinging  atoms,  for 
instance  at  growth  steps,  which  would  degrade  the 
planned  composition  gradients.  We  show  here  that 
preferential  segregation  of  some  third-column 
atoms  at  the  surface  is  one  possible  driving  force 
for  such  exchanges. 

Preferential  segregation  at  surfaces,  interfaces, 
grain  boundaries,  etc.  have  been  known  for  a  long 
time  in  metallurgical  science,  both  in  the  domain 
of  impurities  (e.g.  carbon  segregation  to  iron  grain 
boundaries)  and  alloys  (e.g.  surface  enrichment  in 
Cr  of  Fe-Cr  alloys)  [1].  Similar  alloy  effects  have 
been  reported  in  III-V  ternary  alloys,  where  they 
involve  bulk-surface  redistribution  within  one 
sublattice,  the  third-column  metal  one  for  the  case 
of  arsenides.  Preferential  segregation  effects  may 
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also  lead  to  dopant  redistribution.  At  heterointer¬ 
faces,  phenomena  which  drive  substrate  atoms  to 
the  top  of  the  growing  overlayer  have  also  been 
observed  [2].  We  review  here  the  data  obtained  in 
ternary  arsenides  and  discuss  their  description  by 
standard  segregation  theory,  considering  their  de¬ 
viations  from  true  thermodynamic  equilibrium. 
Predictions  of  this  approach  for  heterointerfaces 
and  atom-sized  structures  are  then  compared  with 
recent  experimental  data.  We  finally  evaluate  pos¬ 
sible  ways  to  use  or  rather  fight  this  phenomenon. 


2.  Ternary  alloys 
2.1.  Experimental  data 

Surface  segregation  in  ternary  alloys  is  most 
easily  measured  by  surface  analytical  techniques. 
Thick  layers  of  the  desired  material  Ga^Al,  _^As, 
In,Ga,_  ,As,  or  In^Alj.^As  have  been  grown  by 
MBE.  The  bulk  composition  x^,  was  measured 
using  RHEED  oscillations,  X-ray  diffraction  and 
photoluminescence.  After  cooling  down  the  sam¬ 
ple.  the  surface  composition  gradient  was  mea¬ 
sured  by  in  situ  ultra-high-vacuum  techniques  such 
as  Auger  electron  spectroscopy  (AES),  X-ray  pho- 
toemission  spectroscopy  (XPS).  UV  Photoemis¬ 
sion  spectroscopy  (UPS)  or  electron  energy  loss 
spectroscopy  (EELS).  As  a  result,  AES,  XPS,  UPS. 
and  EELS  spectra  show  clearly  surface  enrich¬ 
ments  [2-8],  in  Ga  for  Ga^  Al,  As,  and  in  In  for 
In,Ga,_^As  and  In,Al,_,As  (see  an  example  in 
fig.  1).  The  rules  for  predicting  the  segregating 
element  will  be  discussed  in  section  4. 

More  quantitative  information  may  be  ob¬ 
tained  from  XPS  and  AES  intensities  through 
some  simple  assumptions  such  as  uniform  primary 
excitation  and  exponential  attenuation  of  emitted 
electrons,  same  arsenic  content  in  binaries  and 
ternaries,  and  unidimensional  distribution  of 
third-column  atoms  (planar  interfaces).  Under 
these  assumptions,  the  XPS  signals  depend  only 
on  parameters  such  as  the  ionization  cross-sec¬ 
tions  or  the  electron  escape  depth  [9],  i.e.  the 
probed  depth  (10-50  A),  and  on  the  composition 
gradient  at  the  surface.  For  thick  ternary  layers 
which  have  reached  a  stationary  composition 
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Fig.  1.  AES  spectra  of  Gao7Alo.3As  (a)  and  Ino.jGao.gAs  (b) 
(full  lines)  [7],  For  the  second  alloy,  data  correspondin'!  to 
as-grown  samples  and  post-annealed  samples  are  shown;  the 
temperature  indicated  is  either  the  growth  temperature  or  the 
anneal  temperature.  The  top  spectra  (dashed  lines),  expected 
for  no  segregation,  are  constructed  by  scaling  each  peak  from 
the  corresponding  binary  alloy  by  its  fraction  in  the  ternary 
alloy,  after  reduction  to  the  same  As  peak. 


gradient  with  a  representative  bulk  composition, 
the  gradient  can  exist  only  very  close  to  the  surface, 
and  can  be  summarized  by  a  “surface”  composi¬ 
tion  x^.  The  “surface”  may  be  considered  to  en- 
cortipass  either  the  topmost  surface  monolayer 
(ML)  defined  as  one  metal  and  one  As  (001) 
planes,  or  a  thicker  (several  ML)  subsurface  layer. 
In  the  first  case  [7,8],  systematic  x^lx^)  XPS/AES 
measurements  (see  fig.  2)  with  various  probed 
depths  indicate  that  most  of  the  segregation  is 
concentrated  in  the  topmost  layer.  In  the  second 
case  [4,6],  the  maximum  of  segregation  reported 
from  XPS  data  for  Ga ,  Al,  _  ^  As  cfm  be  accounted 
for  by  either  2  ML  of  GaAs  on  top  of  a  ternary  or 
3  ML  of  Ga^Al]_,As  of  variable  composition, 
and  for  In,Ga,  _  ^  As  by  either  2  ML  of  InAs  or  4 
ML  of  InjjGa,_  jAs  of  variable  composition. 

We  consider  now  to  what  extent  those  results 
can  be  considered  as  equilibrium  data,  taken  into 
account  by  classical  segregation  theory,  and  used 
to  predict  phenomena  occurring  at  heterointer¬ 
faces  or  more  complex  structures. 

2.2.  Equilibrium  and  growth-induced  stationary  state 

From  a  thermodynamical  point  of  view,  the 
ideal  surface  segregation  experiment  involves  a 
bulk  phase  (semi-infinite  solid  alloy  M,  of 
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Fig.  2.  Experimental  segregation  isotherms  deduced  from  XPS  measurements  for  the  (a)  Ga^AI,_,As  alloys  at  hOO^C  and 

In,Ga,  _  ,As  alloys  at  480‘’C  (b),  and  theoretical  expectations  for  various  values  of  (indicated  in  eV)  [7], 


composition),  a  surface  phase  (surface  of  the  latter 
with  an  composition)  and  a  gas  phase  (atmo¬ 
sphere  of  M  and  N  under  their  gaseous  form). 
Thermodynamic  equilibrium  equilibrium  requires 
the  adjustment  of  chemical  potentials  in  all  phases, 
i.e.  of  A(,,  jc,,  and  of  the  partial  pressures  of  M 
and  N  in  the  gas  phase.  This  ideal  situation  is 
almost  never  found.  Most  experiments  on  metals 
only  consider  a  bulk-surface  equilibrium  reached 
after  annealing  samples  cleaned  or  fractured  un¬ 
der  vacuum.  Performing  similar  experiments  in 
(M,N)As  arsenides  is  not  possible  since  long 
enough  diffusion  paths  cannot  be  obtained  in 
reasonable  times  except  at  temperatures  ( > 
1000  °C)  where  the  material  rapidly  evaporates. 
This  evaporation  cannot  be  counteracted  by  an 
adequate  (M,N,As)  atmosphere  as  in  the  “ideal” 
experiment  for  practical  reasons. 

The  actual  experiment  for  ternary  arsenides 
then  differs  from  the  ideal  one  in  two  ways:  (i)  the 
(M,N)  partial  pressures  in  the  gas  phase  have  the 
correct  (x^,  1  -Jc^)  proportion  but  are  in  excess 
in  terms  of  chemical  potential  (this  excess  causes 
the  growth)  and  (ii)  the  temperature  is  not  high 
enough  to  allow  any  significant  bulk  diffusion  and 
induce  the  bulk/surface  equilibrium.  However,  the 
concentration  excess  x,  -  as  the  surface  neces¬ 
sary  to  attain  equilibrium  of  chemical  potentials, 
which  cannot  be  produced  by  diffusion  from  the 


bulk  to  a  fixed  surface,  can  be  obtained  by  accu¬ 
mulation  of  segregated  atoms  at  a  surface  moving 
due  to  the  growth  flux.  In  this  case,  the  excess  is 
provided  by  a  depleted  zone  corresponding  to  the 
growth  start,  where  the  incorporation  of  the 
segregating  species  into  the  bulk  is  smaller,  and  is 
then  constantly  renewed  and  transported  along 
the  growth.  Growth  -  and  the  fast  surface  ex¬ 
changes  -  acts  here  as  a  substitute  to  failing  bulk 
diffusion.  In  these  conditions  which  are  discussed 
at  length  elsewhere  [7],  though  the  equilibrium  is 
not  reached  by  the  usual  means,  the  x^  values 
obtained  are  nevertheless  similar  to  the  ones  which 
would  be  obtained  in  the  hypothetical  ideal  ex¬ 
periment.  We  may  then  discuss  them  with  stan¬ 
dard  segregation  models. 

2.3.  Surface  segregation  models 

In  the  case  of  a  simple  bulk/surface  equi¬ 
librium,  we  consider  only  the  balance  of  chemical 
potentials  of  the  segregating  species  in  these  two 
phases.  The  most  simple  quantitative  model  known 
as  McLean’s  involves  only  the  entropy  term  and 
the  “chemical”  energy  as  contributions  to  the 
free  energy  [1].  We  must  also  introduce  here  a 
term  corresponding  to  the  elastic  deformation 
caused  to  the  surface  by  its  pseudomorphism  with 
the  bulk.  For  instance,  such  a  segregation  iso- 
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therm  correctly  fits  the  experimental  data 

of  fig.  2,  with  £”5  =  0.15  ±  0.1  eV  for  In^^Ga,  -j.  As 
alloys  and  0.1  ±0.05  eV  for  Ga,Alj_;,As  alloys. 
This  in  turn  allows  us  to  predict  the  equilibrium 
surface  concentration  of  any  ternary  alloy  at  any 
temperature.  For  the  rather  high  xj,  concentra¬ 
tions  and  the  rather  low  temperatures  involved  in 
most  common  cases,  the  chemical  potential  in  the 
bulk  phase  and  the  segregation  energy  are  too 
high  to  be  counteracted  by  disorder  or  elastic 
strains  and  is  always  much  higher  than 
although  variations  with  temperature  are  observed 
(see  fig.  3).  Except  by  using  kinetic  limitations,  the 
only  way  to  change  strongly  x,  is  then  desorption 
whose  activation  energy  is  higher  than  E^,  but 
which  involves  a  chemical  potential  in  the 
neighbouring  phase  (a  pure  As  atmosphere)  con¬ 
siderably  lower.  For  instance,  in  Ga,Al,_^.As  at 
temperatures  higher  than  650  °C,  the  desorption 
of  Ga  becomes  significant.  The  difference  between 
X,  and  Xj,  is  seen  to  decrease  above  this  value  (see 
fig.  3),  meaning  that  the  desorption  of  Ga  then 
overrides  the  preferential  segregation  of  Ga. 

Concentration  profiles  at  heterojunctions  can 
also  be  predicted  by  assuming  simply  that  at  the 
deposition  of  every  monolayer,  the  concentrations 
of  segregating  element  in  this  monolayer  and  in 
the  underlying  one  reach  an  equilibrium  according 
to  the  Xjlx^,)  relation  and  to  the  matter  conserva- 


Fig.  3.  Variation  of  (x,  -  X(,)/X|,  deduced  from  XPS  measure¬ 
ments  with  the  growth  temperature,  for  various  Ga.AI,  -  ,As 
alloys  (4).  Lines  are  tentative  fits  by  exponential  laws. 


Fig.  4.  Profile  of  composition  in  non-segregating  element  for 
selected  heterostructures  (7).  Each  step  corresponds  to  a  single 
monolayer.  Planned  profiles  are  the  dotted  lines  and  model 
profiles  calculated  at  usual  growth  temperatures  are  full  lines. 

tion  relation.  The  underlying  monolayer  is  then 
“frozen”  for  the  rest  of  the  growth.  This  model 
generates  an  interface  roughness  expressed  as  a 
concentration  gradient  different  from  the  as- 
planned  step  function.  It  tells  nothing  a  priori 
about  the  distribution  of  atoms  within  atomic 
planes  parallel  to  the  growth  axis.  It  is  also  as¬ 
sumed  that  the  growth  is  otherwise  geometrically 
perfect:  the  growth  surface  is  ideally  flat  at  the 
completion  of  each  monolayer  and  each  deposi¬ 
tion  stops  after  the  strict  completion  of  its  last 
monolayer.  Concentration  profiles  obtained  by  this 
method  will  be  called  model  profiles.  Some  exam¬ 
ples  are  shown  in  fig.  4.  One  interesting  feature  is 
that,  although  for  instance  Ga  tends  to  segregate 
to  replace  Al.  the  first  pure  GaAs  monolayer 
dejjosited  on  top  of  AlAs  is  not  in  equilibrium; 
the  stable  point  is  obtained  for  a  topmost  layer  of 
Ga(,7Alf,jAs  and  an  underlying  layer  of 
GapjAlg^As.  Hence  the  GaAs-on-AlAs  interface 
with  the  segregating  element  atop  (“inverse”  in 
the  MBE  terminology)  is  not  abrupt;  it  is  nar¬ 
rower  but  rougher  than  the  other  (“normal”)  in¬ 
terface  AlAs-on-GaAs  (see  fig.  4). 


3.  Heterointerfaces 

Various  experiments  demonstrate  the  existence 
of  surface  segregation  during  the  formation  of 
heterointerfaces,  leading  to  interface  roughening. 
We  consider  first  the  evidence  coming  from  surface 
analysis  techniques. 
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3.1.  Surface  and  analytical  techniques 

Three  types  of  test  structures  have  been  used  to 
decide  whether  B  atoms  segregate  to  the  surface 
when  A-As  is  grown  on  B-As;  (i)  a  single  atomic 
layer  of  an  A-As  deposited  onto  B-As,  (ii)  for 
lattice-matched  materials,  a  thin  ( <  100  A)  over¬ 
layer  of  the  A-As  material,  and  (iii)  for  lattice-mis¬ 
matched  materials,  sandwich  structures  (B-As,  1 
ML  of  A-As,  and  thin,  <  100  A,  overlayer  of 
B-As)  in  order  to  avoid  the  switch  from  2D  laminar 
growth  to  3D  island  growth,  and  hence  to  keep  the 
system  as  homogeneous  as  possible  in  the  growth 
plane.  The  reduced  signal  of  A  is  compared  to  the 
expectations  yielded  by  various  models,  such  as 
abrupt  interface  or  equilibrium  profile.  From  all 
data  obtained  on  various  test  structures  built  by 
steps  or  in  a  continuous  manner,  it  is  clear  that 
segregation  does  occur  at  interfaces.  Atoms  which 
should  be  long  buried  if  no  segregation  occurred 
are  observed  by  surface-sensitive  techniques  [7,9] 
(see  fig.  5).  The  tendency  for  segregation  found  is 
In  >  Ga  >  Al  as  for  ternary  alloys.  The  interface 
width  can  reach  tens  of  ML  in  the  worst  case 
(AlAs-on-lnAs).  while  it  is  nearly  invisible  (<  1 
ML)  in  the  best  cases  (AlAs-on-GaAs)  [7.10).  For 
the  InAs/GaAs  case,  several  experiments  showed 
no  significant  influence  of  temperature  from  420 
to  560 °C,  growth  rate  from  0.1  to  1  fim/h.  or 
compressive  strain  from  0  to  1%  [7],  Similar  results 
have  been  obtained  for  sandwich  structures  built 
at  very  low  temperatures  (3(X)°C)  by  alternating 
arsenic  and  metal  fluxes  (migration-enhanced  epi¬ 
taxy  or  MEF.)  [11]. 

3.2.  High-resolution  microscopy 

High-resolution  transmission  electron  micros¬ 
copy  (HRTEM).  which  could  in  principle  give  a 
straightforward  answer  to  the  question  of  the  in¬ 
terface  geometry,  has  actually  encountered  prob¬ 
lems  due  to  interpretation  of  contrasts,  in-plane 
roughness  and  homogeneity  of  samples.  In  the 
GaAs/AlGaAs  system,  HRTEM  has  imaged 
near-flat  interfaces  with  1  ML  high  steps  separat¬ 
ing  wide  terraces  [12).  However,  a  recent  subtle 
analysis  of  HRTEM  results  concludes  that  even 
the  best  interfaces  exhibit  roughness  on  the  atomic 


Fig.  5.  Evolution  of  AES  signals  in  sandwich  heierostruciures 
GaAs/1  ML  InAs/GaAs  with  thickness  of  the  final  layer. 
Signals  are  normalized  to  the  signal  corresponding  to  the 
absence  of  final  layer.  Full  and  dashed  lines  correspond  to 
predictions  for  the  planned  and  model  profiles. 


scale  [13).  HRTEM  pictures  by  d'Anterroches  et 
al.  [14]  of  GaAs/1  ML  InAs/GaAs  structures 
indicate  indium  redistribution  in  the  top  GaAs 
layer  with  a  complex  concentration  gradient.  The 
InAs-on-GaAs  interface  appears  planar,  while  the 
reverse  one  is  rough  and  extends  from  2  ML  in 
some  places  to  4  ML  in  others.  This  in-plane 
roughness  occurs  on  a  rather  short  distance  (  =  40 
A).  This  shows  the  limitations  of  the  unidimen¬ 
sional  model  used  here. 

3.3.  Rutherford  hackscattering 

GaAs/1  ML  InAs/GaAs  sandwich  structures 
have  also  been  analyzed  ex  situ  by  Rutherford 
backscattering  with  1  MeV  He  ions  by  Cohen 
and  co-workers  [15).  If  the  structure  had  indeed 
the  planned  geometry,  the  InAs  monolayer  should 
be  distorted  quadratically  -  in-plane  compression 
and  normal  extension  -  in  order  to  take  the  in¬ 
plane  GaAs  parameter  which  is  7%  smaller  than 
the  InAs  unstrained  one.  This  structure  should 
then  be  seen  by  ions  channeled  in  off-normal 
directions  as  a  stacking  fault,  which  should  in¬ 
crease  the  minimum  yield  Xmin  lo  ®  ^5%.  Fur- 
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thermore,  indium  atoms  lying  outside  the  off-nor¬ 
mal  channels  should  have  a  substantial  back- 
scattering  yield.  Actually,  the  low  Xmn  (  =  4%) 
observed  in  both  (100)  and  (110)  directions  (see 
fig.  6a)  shows  that  atoms  in  the  whole  heterostruc¬ 
ture  are  approximately  located  at  the  substrate 
lattice  positions.  The  indium  yield  is  also  very  low 
with  respect  to  the  expected  value.  The  indium 
atoms  are  therefore  redistributed  in  the  GaAs 
overlayer.  Fits  of  angular  scans  of  indium  yield 
(fig.  6b)  show  that  it  is  redistributed  over  =  5  ML, 
in  fair  agreement  with  the  model  profile. 

3.4.  Photoluminescence 

Photoluminescence  (PL)  line  splittings  in 
GaAs-AIGaAs  quantum  wells  have  been  interpre¬ 
ted  for  long  as  originating  from  a  long-range 
fluctuation  of  plus  or  minus  one  monolayer  of  the 
otherwise  perfectly  constant  well  width  [16].  This 
conclusion  must  be  weighted  by  the  relatively  low 
sensitivity  of  the  probing  particle,  the  exciton,  to 
small-scale  in-plane  roughness.  The  small  devia¬ 
tions  to  perfection  shown  in  the  model  profile  of 
fig.  4  for  GaAs/AlGaAs  interfaces  are  probably 


invisible  to  PL,  all  the  more  since  the  well  width  is 
preserved  by  the  segregation  process;  actually,  the 
direct  interface  should  be  seen  by  PL  as  abrupt. 
However,  for  very  thin  wells  with  important  band 
discontinuities,  such  as  a  few  ML  of  InAs  in 
GaAs,  PL  becomes  a  good  probe  of  interface 
roughness.  For  a  well  thickness  corresponding  to  a 
non-integer  number  of  atomic  layers,  e.g.  1.2  ML, 
a  single  PL  peak  -  and  not  separated  peaks  corre¬ 
sponding  to  1,  2  or  3  ML  -  is  observed  [17].  The 
energy  of  this  peak  varies  continuously  with  the 
well  width.  This  is  found  to  be  in  agreement  with 
a  redistribution  of  indium  atoms  over  4  to  5  ML. 

Further  evidence  of  this  redistribution  is  ob¬ 
tained  in  more  sophisticated  structures,  where  the 
previous  sequence  GaAs/1  ML  InAs/GaAs  is 
inserted  inside  AlGaAs  barriers  [17].  The  PL  sig¬ 
nal  considered  here  originates  from  the  GaAs 
quantum  well  on  which  the  1  ML  InAs  acts  as  a 
perturbation  [18].  InAs  layers  placed  in  symmetri¬ 
cal  positions  with  respect  to  the  middle  of  the 
GaAs  well  should  induce  the  same  perturbation, 
because  they  are  identical  except  for  the  growth 
direction.  Actually  a  quite  significant  difference 
between  the  corresponding  PL  energies  is  ob- 
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Fig.  6.  (a)  Rutherford  hackscattering  yield  spectrum  for  sandwich  heterostructures  GaAs/1  ML  InAs/80  A  GaAs:  (b)  angular  scan 
of  the  In  peak  area  [15].  Full  and  dashed  lines  correspond  to  predictions  for  the  planned  and  model  profiles. 


f 


J.M.  Motson  ei  al.  /  Surface  segregation  in  IH-V  alloys 


147 


- 1 - 1 - r - 1 

- nominal  1 

- with  segregation  j 


IT> 


03,41  jAs  GROWTH — ^ 

1 — 


Fig.  7.  Photoluminescence  spectra  for  two  structures  similar 
except  for  the  growth  direction,  involving  an  InAs  ML  inserted 
within  a  GaAs.  Ga,^ -Al,, , As  quani -m  well  [IH],  Full  and 
dashed  lines  and  arrow.s  corre.spond  lo  predictions  for  the 
planned  and  mvxlel  profiles. 


served  (see  fig.  7).  revealing  an  overall  displace¬ 
ment  of  the  indium  layer  in  the  growth  direction. 
This  overall  displacement  is  estimated  to  be  about 
2  ML.  again  in  fair  agreement  with  the  model 
profile. 

.75.  Raman  si  altering 

Recently,  Raman  .scattering  has  proven  to  be  a 
powerful  probe  of  interface  roughness  in  GaAs/ 
.AlAs  structures,  due  to  the  frequency  .separation 
of  the  optical  phonon  branches  in  GaAs  and  AlAs, 
and  hence  to  the  strict  confinement  of  GaAs-  and 
■MAs-type  phonons  in  their  respective  layers.  Pho¬ 
non  frequencies  are  therefore  very  simply  con¬ 
nected  to  individual  layer  thicknesses  for  idealiv 
flat  interfaces,  and  also  very  sensitive  to  interface 
roughness.  Short-period  superlattices,  such  as 
(AlA.s)4(GaA.s),(AlAs)j(GaAs),  or  (AlAsljfGa- 
.As)dAlA.s),(GaAs) ,.  which  are  iden'ical  except 
for  the  growth  direction,  have  been  considered  by 
Jusserand  et  al.  (19).  While  the  superlattice  period 
is  checked  by  X-ray  diffraction  to  be  the  one 
expected,  the  optical  pi.onon  spectrum  reveals  in¬ 


dividual  layer  thicknesses  significantly  lower  than 
planned  ones,  e.g.  *  1.5  ML  instead  of  3  nominal 
for  a  GaAs  layer  grown  at  600  °C  (fig.  8).  This 
apparent  thickness  depends  on  growth  tempera¬ 
ture,  but  also  on  the  thickness  of  the  underlying 
AlAs  layer.  Considering  the  strict  confinement  of 
optical  vibrations  of.  say  GaAs  in  the  GaAs  layer, 
even  by  a  fraction  of  Al  atoms  inserted  in  the 
boundary  atomic  layers,  such  deviations  directly 
detect  the  roughening  and  widening  of  interfaces 
(mainly  the  “inverse"  one  GaAs-on-AlAs)  on  the 
atomic  scale.  It  may  be  noted  that  this  is  not 
inconsistent  with  the  observation  by  PL  of  flat 
interfaces  on  a  larger  scale  due  to  the  exciton  size. 

At  the  standard  growth  temperature  of  600  °C 
where  segregation  data  have  been  obtained  by 
surface  analytical  technique.s.  the  phonon  frequen¬ 
cies  calculated  with  the  model  profile  and  their 
dependence  on  the  underlying  layer  thickness 
(saturation  above  4  ML)  are  in  excellent  agree¬ 
ment  with  experimental  values  (see  fig.  8).  How¬ 
ever.  the  extrapolation  of  model  profiles  to  lower 
temperatures  (400  °C)  yields  only  a  small  varia¬ 
tion.  while  Raman  .scattering  .sees  a  strong  de- 


Fig.  8.  Raman  spectra  in  two  (laAs/Al.As  short-period  super- 
lattices  equivalent  except  for  the  growth  direction  |2t)).  Inserts 
show  the  planned  (dashed  lines)  and  mixlel  (full  lines)  com¬ 
position  profiles.  The  peak  indexed  b>  "CiaAs"  c<>rresp<3nd.s  to 
the  signal  from  the  (}aAs  subsirate.  The  frequencies  calculated 
for  vibrations  confined  in  (laAs  layers  according  to  the  planned 
(respectively  mixiel)  profile  arc  indicated  hx  dashed  (respec¬ 
tively  full)  arrows. 
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crease  of  the  atomic-scale  roughness.  A  possible 
reason  for  this  discrepancy  is  the  influence  of 
kinetics  (see  section  4). 


4.  Discussion 

4. 1 .  Drwing  force 

We  consider  here  briefly  the  question  of  the 
microscopic  origin  or  driving  force  for  surface 
segregation.  If  we  define  the  tendency  to  surface 
segregation  of  an  atom  M  as  the  energy  gain  E 
provided  when  it  moves  from  the  bulk  to  the 
surface.  M  will  segregate  to  the  surface  of  the 
(M.N)As  alloy  if  >  E^.  Experimental  observa¬ 
tions  yield  ^In  >  ^Cia  —  ^Al-  both  for  ternary  al¬ 
loys  and  heterointerfaces.  A  similar  order  is  ob¬ 
served  in  neighbouring  reactions  known  as  ex¬ 
change  reactions  which  take  place  during  the  de¬ 
position  of  a  third-column  metal  on  arsenides 
without  arsenic  pressure  [20].  In  the  absence  of 
other  information,  it  has  been  suggested  that  cor¬ 
relations  of  these  segregation  energies  with  other 
data  could  indicate  the  origin  of  the  driving  force 
[4.5.21].  The  correlation  with  the  heats  of  forma¬ 
tion  or  the  bonding  energies  of  bulk  arsenides  (the 
less  strongly  bonded  atom  comes  to  the  surface) 
seems  to  indicate  the  preeminence  of  the  chemical 
energy,  but  the  reverse  correlation  is  observed  in 
antimonides.  The  correlation  with  covalent  radii 
(the  biggest  atom  comes  to  the  surface)  seems  to 
indicate  the  preeminence  of  the  elastic  energy,  but 
this  disagrees  with  the  weak  influence  of  elastic 
strain  mentioned  above.  Other  correlations  of  the 
segregation  energy,  for  instance  with  the  incorpo¬ 
ration  energy  or  the  surface  diffusion  coefficient, 
have  also  been  put  forward.  Finally,  a  pessimistic 
way  to  ctinsider  such  correlations  is  to  .say  that  all 
quantities  involved  are  expected  to  follow  some- 
h(w  the  Periodic  Table  order  (AI.Ga.In)  for 
arsenides.  Furthermore,  some  puzzling  experi¬ 
ments  and  theories  on  segregation  in  metal  alloys 
[22]  show  that  the  prediction  of  the  segregating 
component  is  by  no  means  straightforward.  It  may 
be  reversed  for  instance  by  changing  the  crystal 
orientation  of  the  surface,  when  conflicting  effects 
like  aiom  size  (surface  strain),  pair-interaction 


(surface  energy),  and  surface  reconstruction  en¬ 
ergy  oppose. 

4.2.  Microscopic  mechanisms 

Data  show  that  the  microscopic  mechanisms 
involved  in  segregation  are  fast  i.e.  not  strongly 
limited  by  kinetics  or  growth  rates,  which  is  ex¬ 
pected  since  they  are  probably  similar  to  those  of 
surface  diffusion.  Like  any  atom  movement  at  the 
surface,  they  are  likely  to  take  place  preferentially 
at  defects  such  as  growth  steps  or  steps  associated 
with  reconstructions  which  are  the  only  sites  where 
the  reaction  can  proceed  by  successive  movements 
without  any  direct  atom  exchange;  indeed,  ex¬ 
changes  in  metal/semiconductor  systems  depend 
very  strongly  on  defect  density  [23].  Furthermore, 
it  has  been  shown  [5.24]  that  on  Ga^  Al,  _ ,  As  the 
surface  segregation  correlates  with  the  develop¬ 
ment  of  the  growth  interface  roughne.ss:  all  pub¬ 
lished  results  [25]  indicate  that  the  Ga,Al,_,As 
surface  roughening  is  maximum  at  growth  temper¬ 
atures  around  650  °C.  which  is  also  the  ca.se  for 
Ga  segregation  (see  fig.  3). 

In  all  the.se  problems,  it  is  clear  that  significant 
data  are  missing.  We  can  also  mention  that  the 
assumption  that  processes  in  successive  layers  are 
not  correlated,  which  leads  to  an  unidimensional 
description,  neglects  actual  ob.servations  of  in¬ 
plane  unhomogeneities,  i.e.  2D  clustering  even  in 
unstrained  systems  [26].  This  is  a  strong  and  basic 
limitation  to  the  discussion. 

4.3.  Consequences,  ami  possible  cures  . . . 

We  consider  first  the  consequences  of  surface 
.segregation  on  the  concentration  profile  in  III-V 
ternary  alloys  and  heterostructures.  During  the 
growth  of  a  ternary  alloy,  the  bulk  composition  is 
in  principle  .set  by  the  ratio  of  metal  fluxes  and  is 
therefore  as  homogeneous  as  the'e  fluxes  are  sta¬ 
ble.  However,  the  fluxes  must  pa.ss  through  the 
surface  who.se  composition  is  very  dilfcreni  trom 
this  ratio,  and  only  the  regularity  of  the  speed  of 
segregation  mechanisms  insures  that  fluxes  enter¬ 
ing  the  bulk  are  identical  to  the  inpinging  ones.  If 
this  regularity  is  impaired  for  .some  reason,  varia¬ 
tions  of  the  bulk  will  appear.  The  problem  of 
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heterointerfaces  is  different  in  the  sense  that  they 
are  expected  to  be  abrupt,  which  segregation 
processes  oppose,  since  a  fraction  of  the  substrate 
topmost  monolayer  “floats”  on  the  growing  layer 
and  is  gradually  incorporated.  As  a  consequence, 
the  geometrical  accuracy  of  short-scale  structures 
is  degraded,  since  all  interfaces  are  enlarged  in  a 
manner  which  depends  on  the  materials  consid¬ 
ered  and  on  the  growth  direction.  It  has  been 
suggested,  among  other  explanations,  that  this  was 
the  origin  of  the  differences  between  GaAs/ AIq  3 
Gao7As  “normal”  and  “inverse”  interfaces.  It 
may  be  stressed  that  this  interface  roughness  also 
depends  in  a  sense  on  the  probe  used  to  measure 
it. 

Beside  the  roughening  of  interfaces,  segregation 
has  further  consequences.  In  the  case  of  a  ternary 
alloy,  or  shortly  after  an  heterointerface,  the  com¬ 
position  of  the  sample  surface  is  not  as  expected. 
This  composition  error  may  be  important  if  the 
properties  of  this  surface  are  used  in  devices  (low 
surface  recombination,  chemical  reactivity  or  pas¬ 
sivation,  further  growth,  etc.).  It  may  also  be  noted 
that  the  reconstruction  of  the  surface  and  its  (tem¬ 
perature.  As  pressure)  “phase  diatram”,  which 
helps  tuning  growth  conditions,  are  dictated  by 
the  .surface  composition:  two  monolayers  of  InAs 
on  InP  have  the  .same  “phase  diagram”  as  bulk 
InAs  [27].  Therefore,  the  growth  conditions  should 
be  set  in  principle  with  respect  to  the  actual  surface 
and  not  to  the  presumed  overlayer  material 
surface.  Conversely,  segregation  may  explain  some 
puzzling  successions  of  RHEED  patterns  observed 
during  the  growth  of  short-period  structures.  Fi¬ 
nally,  segregation  has  a  number  of  consequences, 
most  of  them  negative  with  respect  to  the  quality 
of  the  interface.  A  positive  one  is  the  possibility  of 
obtaining  layers  without  having  to  build  them 
with  atom  fluxes,  with  possible  applications  to 
atomic-layer  epitaxy.  However,  much  work  must 
still  be  performed  before  putting  segregation  into 
actual  use  and  rather  the  present  problem  is  to  get 
rid  of  it. 

Our  present  data  show  that  reducing  signifi¬ 
cantly  the  segregation  would  need  too  high  tem¬ 
peratures  (»1(XX)°C)  if  thermodynamic  equi¬ 
librium  is  to  be  maintained.  We  may  then  try  slow 
down  the  kinetics,  with  the  counterpart  of  getting 


off-equilibrium  interfaces.  First,  it  seems  that  the 
growth  rate  cannot  be  increased  enough  to  beat 
the  process  by  burying  the  atoms  before  they 
could  reach  equilibrium.  Temperature  has  a  mixed 
effect.  Low  temperatures  increase  the  equilibrium 
segregation  but  decrease  the  surface  mobility  of 
atoms  towards  the  reaction  sites,  and  the  rate  of 
exchange  at  these  sites.  Observations  on  Ga, 
Al,^y\s  ternary  alloys  by  XPS  [4,6]  and  on 
GaAs/AlAs  superlattices  by  Raman  scattering  [19] 
indicate  a  positive  effect  of  reduced  growth  tem¬ 
peratures.  The  forseeable  corresponding  loss  in 
material  quality  may  be  obviated  by  MEE  (alter¬ 
nating  arsenic  and  metal  fluxes)  which  restores  a 
high  surface  mobility  of  metal  atoms  now  unim¬ 
peded  by  excess  arsenic.  No  significant  reduction 
of  segregation  in  GaAs/lnAs/GaAs  structures  is 
indeed  obtained  by  this  method.  A  possible  solu¬ 
tion  could  be  the  modulation  of  the  surface  mobil¬ 
ity:  (i)  high  mobility  during  the  growth  of  the 
substrate  up  to  the  topmost  monolayer,  coupled 
with  a  growth  interruption  at  its  exact  completion 
in  order  to  decrease  the  number  of  reaction  sites  if 
they  are  defects,  and  (ii)  low  mobility  during  the 
growth  of  the  first  monolayers  of  the  overlayer  in 
order  to  build  a  barrier  to  segregation,  with  the 
risk  of  obtaining  sharp  but  faulted  interfaces. 
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The  main  features  of  MBE  growth  (growth  rate,  composition  aitd  doping  control)  can  be  predicted  in  the  framework  of  a 
thermodynamic  description,  ah  initio.  In  this  paper,  special  attention  is  given  to  the  thermodynamic  analysis  of  segregation  effects 
(base  elements  and  impurities)  as  well  as  to  the  interplay  between  impurity  surface  segregation  and  diffusion. 


1.  Introduction 

During  the  first  stage  of  MBE  investigations  it 
was  generally  assumed  that  this  technology  is  a 
fundamentally  nonequilibrium  process  and  that  a 
thermodynamic  consideration  is  completely  inap¬ 
propriate,  so  that  information  on  the  growth 
processes  can  be  obtained  only  by  investigation  of 
the  surface  reaction  kinetics.  Experiments  on 
modulated  beams  led  to  a  theory  according  to 
which  the  main  role  in  MBE  of  III-V  compounds 
is  played  by  elementary  processes  of  atoms  and 
molecules  adsorption,  migration  and  desorption 
on  the  surface  [1],  However,  in  the  case  of  bintiry 
compounds  the  real  growth  picture  is  very  com¬ 
plex  and  cannot  be  analyzed  by  simple  representa¬ 
tions  (2). 

The  fact  that  the  MBE  process  occurs  under 
strongly  nonequilibrium  conditions  does  not  pro¬ 
vide  formal  justification  for  the  conclusion  that  it 
is  impossible  to  use  the  thermodynamic  approach 
to  describe  an  MBE  system  on  the  basis  of  mass 
action  equations  in  combination  with  equations 
describing  conservation  of  the  mass  of  the  inter¬ 
acting  elements.  This  approach  is  in  fact  used 
widely  and  successfully  in  the  description  of  many 
chemical  reactions  that  occur  under  strongly  non¬ 
equilibrium  conditions.  In  the  case  of  sublimation 
of  binary  compounds  (which  is  also  a  strongly 
nonequilibrium  process),  the  conclusions  of  the 
thermodynamic  description  have  been  confirmed 


by  numerous  experimental  data  well  before  the 
appearance  of  MBE  (see,  for  example,  ref.  [3]). 

So  one  may  consider  the  MBE  growth  as  a 
quasi-equilibrium  process  where  the  equilibrium 
between  a  vapor  phase  and  a  solid  phase  (or 
between  vapor,  liquid  and  solid  phases,  in  the  case 
of  a  segregation  layer  formation)  is  established  at 
the  surface  of  a  growing  layer.  The  system  temper¬ 
ature  is  governed  by  the  substrate  temperature, 
and  equilibrium  partial  pressures  are  those  corre¬ 
sponding  to  the  fluxes  of  atoms  and  molecules 
from  the  substrate  surface,  as  in  ref.  [3]. 


2.  MBE  of  binary  compounds 

The  reactions  between  the  main  components  in 
the  case  of  MBE  (e.g.  GaAs)  [4]  are: 

GaAs(s)  =  Ga(g)-l-i  AsjCg),  (1) 

2  As2(g)  =  As4(g).  (2) 

The  equation  of  mass  action  for  reaction  (1)  is 

-  ^o.as  =  2.73  X  10" 

Xexp(-4.72/kr),  (3) 

where  and  are  the  partial  equilibrium 
pressures  of  gallium  and  arsenic  over  the  substrate 
surface  (in  atmospheres),  OoaAs  's  the  activity  of 
GaAs  in  the  solid  phase  equal  to  1  for  a  binary 
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compound,  and  /ToaAs  's  the  value  of  the  equi¬ 
librium  constant  according  to  ref.  [5];  kT  is  in  eV. 
In  the  case  of  reaction  (2),  we  have  [5]: 

log  A:a,  =  27.3X10 VT"- 19.8.  (4) 

It  follows  from  the  law  of  mass  conservation  that 

PL  -  Pgs  =  PL  -  {^Pas.  +  ^Pas,)^  (5) 

where  and  pL  correspond  to  the  fluxes  of 
arsenic  and  gallium  atoms  onto  the  surface.  If 
>  500  °C  and  pL=  10  ^  Torr.  it  follows  from 
eq.  (4)  that  /’as,  that  if  P^^  PL^ 

/>A«=2PA„and  ■ 

“  t(  /’m  “  /’ll! ) 

=  t[/’cl-/^GaAs(/’",/2)’‘"1.  (6) 

This  dependence  describes  the  GaAs  growth  rate 
variation  with  substrate  temperature  during  MBE 
well  [6].  The  enthalpy  of  GaAs  evaporation,  de¬ 
termined  experimentally  for  MBE  conditions  in 
ref.  [7],  is  +4.6  eV  (compare  with  the  value  4.72 
eV  in  (3))  and  the  evaporation  rate  at  a  given 
temperature  is  inversely  proportional  to  the  square 
root  of  the  arsenic  flux,  which  agrees  well  with 
eqs.  (3)  and  (6).  When  P^/PL  ~  1  (under  Ga-rich 
conditions),  the  value  of  Pm,  is  governed  by  the 
arsenic  partial  pressure  along  the  Ga-GaAs 
liquidus  of  GaAs  [33]; 

(  /’as!'  =  9.49  X  10’  exp(-  1.98/A:7’).  (7) 

Arsenic  precipitates  do  not  form  on  the  GaAs 
surface  in  MBE,  because  at  typical  substrate  tem¬ 
peratures,  the  equilibrium  arsenic  pressure  over 
metallic  arsenic  ranges  from  a  few  Torr  to  tens  of 
atmospheres. 

3.  MBE  of  III-V  alloys 

When  a  solid  solution  (for  example,  Ga,In,_, 
As)  is  grown  by  MBE,  the  equilibrium  partial 
pressure  of  more  volatile  metal  component  is  [8] 

/’.n  =  Y.nAs(l-x)Ji:,„As/’A;;^^ 

=  (1  -  x)  exp(ax^/kT)K,„^,P^:/\  (8) 


Synthesis  of  solid  alloys  containing  two  group 
V  elements  (for  example,  GaAs^P, _,)  is  char¬ 
acterized  at  T,  >  500°C  and  P^.  Py  »  PL  [8]  by 

~  [(l'GaAs^GaAs/YGap/^Gap)(2’p//’As) 

(9) 


4.  Point  defect  equilibria 

No  reliable  experimental  data  for  point  defect 
equilibria  under  the  typical  MBE  growth  condi¬ 
tions  are  available.  Nevertheless,  the  data  ob¬ 
tained  in  LPE  and  VPE  [5]  may  be  used  to  evaluate 
the  effect  of  growth  parameters  and  conditions  on 
the  point  defect  concentration  in  MBE  grown 
layers. 

In  addition  to  the  reaction  in  ref.  [5],  one 
should  use  the  electroneutrality  equation 

Nd-+[As;]  +  [V^J  +P=[VJJ  +Aa-  +  '». 

(10) 

where  Ap-  and  Aa-  are  the  ionized  donor  and 
acceptor  concentrations  during  MBE  growth.  The 
calculation  in  accordance  with  ref.  [5]  shows  that 
at  typical  MBE  growth  conditions  ( >  550  °  C) 
the  ionized  arsenic  vacancy  concentration  may  be 
sufficiently  high  and  govern  the  electroneutrality 
condition,  especially  in  the  case  of  heavily  p-type 
doping  [5,8]. 

5.  Doping  in  MBE 

We  shall  consider  the  doping  in  MBE  (for 
example,  the  case  of  an  acceptor  impurity  incor¬ 
poration  from  the  gaseous  phase  A(g)  into  the 
gallium  sublattice  of  GaAs  [9]): 

A(g)  +  Vo,  =  Ao,  +  h\  (11) 

Applying  the  law  of  mass  action  to  (11)  gives 

[Aaa]p//’A[Voa]  =  i^A-  (12) 

where  p  is  the  hole  concentration  during  growth 
(h*).  Pa  's  Ibe  equilibrium  partial  pressure  of  the 
impurity  vapor  over  the  surface  corresponding  to 
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the  flux  from  the  surface,  is  the  gallium 
vacancy,  and  the  square  brackets  denote  the  con¬ 
centration.  One  should  also  allow  for  the  electro¬ 
neutrality  equation 

P+[K]+No^=rt  +  N^-+[A^.,],  (13) 

and  the  law  of  mass  conservation 

(14) 

where  corresponds  to  a  flux  of  impurity  atoms 
arriving  at  the  surface  [8]. 

6.  More  volatile  group  III  element  surface  segrega¬ 
tion  in  MBE  of  Ill-V  alloy  (Ga  in  AI^Ga,_^As) 

The  minimum  arsenic  equilibrium  partial  pres¬ 
sure  is  determined  by  the  arsenic  pressure  over  the 
Ga-GaAs  liquidus  given  by  (7).  According  to  (3), 
the  corresponding  gallium  partial  pressure  is 

=  2.88  X  10  exp(  -2.74/A: T)  (15) 

Thus,  in  the  thermodynamic  approach  the  mini¬ 
mum  excess  arsenic  pressure  “ 

(  P(L  ~  wf'ich  provides  the  epitaxial  growth 

of  GaAs  without  liquid  phase  (Ga  droplets)  for¬ 
mation  on  the  surface,  coincides  with  P^'.  The 
value  of  c,.lculated  from  (7)  agrees  well  with 
the  experimentr'  arsenic  pre.ssure  corresponding 
to  the  transition  trom  As-  to  Ga-stabilized  condi¬ 
tions  [11]. 

In  the  case  oi  a  ternary  compound,  unlike  the 
binary  one,  the  arsenic  equilibrium  pressure  over 
the  Al  Ga-Al,^  ia,  ,As  liquidus  depends  on  the 
solid  phase  con  position  ,t  and.  respectively,  on 
the  composition  of  the  liquid  pha.se.  which  is  in 
equilibrium  with  it. 

The  general  x  xpression  for  the  Ga  equilibrium 
pressure  over  th-  complex  liquid  phase  is  (10): 

A,..  =  0<,u[Ga,].  (16) 

where  [Ga^]  and  are  the  concentration  (in 
mole  percent)  and  activity  coelficient  of  Ga  in  the 
liquid  phase  respectively;  is  Ga  equilibrium 
pressure  over  the  Ga  melt  which  coincides  with 
(see  (15))  with  a  very  high  accuracy. 


For  the  Ga-Al-As  liquid  phase,  which  is  in 
equilibrium  with  the  solid  solution  Al^Ga,_  jAs, 
the  aluminium  and  arsenic  concentrations  are 
negligible  in  comparison  with  gallium  at  substrate 
temperatures  <  800  °  C  and  solid  phase  com¬ 
positions  X  <  0.8  (10),  i.e. 

[AsJ«l,  [A1l]«1,  [GaJ-1.  (17) 

The  calculation  of  according  to  ref.  [10]  for 
7^  =  700  °  C.  and  x  =  0.5  gives  the  value  of  = 
1.0002.  Thus,  in  the  above  temperature  and  com¬ 
position  regions 

P(i  =  P^'  =  2.88  X  10’  exp(  -2.74/A:r).  (18) 

The  equilibrium  equation  for  the  formation  of 
GaAs  in  the  case  of  Al,Ga,_,As  can  be  written 
as  follows: 

/’Ga/’t:  =  YOaAx(l-.v)X2.73Xl0" 

Xexp(-4.72/A7').  (19) 

where  Y(i;LA>  ihe  GaAs  activity  coefficient  in  the 
solid  solution  (Yo^as"  ^  Al,Ga,_,As  [8]).  It 
follows  from  (18)  and  (19;  f,-"-  Al,Ga,  _  ,  As  alloys 
that  the  expre.ssion  for  the  arsenic  equilibrium 
partial  pre.ssure  over  the  Al-Ga-Al,Ga,  . ,  As 
liquidus  is: 

(PL)'  ' 

=  [(]  -  .v)  X  2.73  X  10"  exp(  -  4.72/AT)] 

=  (i  -  (20) 

That  is. 

=  ~xfp^:^!\  (21) 

Fig.  la  shows  the  dependences  of  arsenic  equi¬ 
librium  partial  pressures  over  the  Al-Ga-As 
liquid  phase  (which  is  in  equilibrium  with  the  solid 
solution  Al^Ga,  ,As)  on  x  at  different  T,  values 
(.see  (21)).  The  excess  arsenic  partial  pressure  dur¬ 
ing  a  given  growth  run  determined  from  the  mass 
conservation  law  is: 

Pas, esc  ='i[Pas-{  Pci  -  Pus  )  -  Pi  1  ■  (22) 

can  be  calculated  from  (19)  for  given  Pas,= 
■Pas-.mc-  Pa\  is  negligible  in  comparison  with  com- 
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monly  used  /^i  at  7^<800°C.  The  temperature 
dependences  of  Pq^  at  some  fixed  values  of  solid 
phase  compositions  x  and  Pa^^  cxc  presented  in 
fig.  lb  by  the  dashed  and  broken  lines.  The  solid 
line  in  this  figure  corresponds  to  the  gallium  par¬ 
tial  pressure  over  the  Ga-Al-Al^Ga,_j,As  liqui- 
dus  (Pqx)  (see  (18)),  being  the  maximum  possible 
Ga  pressure.  The  solid  horizontal  lines  show  the 
beam  equivalent  pressures  of  incident  Ga  flux 
(^oa)  at  different  growth  rates. 

Let  the  excess  arsenic  pressure  iAs,.e»c 
than  the  equilibrium  arsenic  pressure  over  the 
Ga-GaAs  liquidus  (^  ~  0)  given  7^  (see 

fig.  la,  curve  2).  Then,  there  always  exists  the 
equilibrium  solid  phase  composition  corre¬ 
sponding  to  this  On  the  other  hand,  the 

composition  of  the  bulk  solid  phase  is  determined 


by  the  input  gallium  and  aluminium  partial  pres¬ 
sures  as  follows: 

^b  =  ^AV[/’A,  +  (^’,53-/’oa)]-  (23) 

If,  for  instance,  x,,  =  x,  <  x^q,  then  a  quasi-liquid 
phase  (“floating”  Ga  layer)  should  appear  on  the 
growth  surface,  because  during  growth  is 

less  than  (Ta^j)!,  corresponding  to  the  Ga-Al-As 
liquidus  for  the  composition  x,. 

When  the  excess  arsenic  pressure  is  higher  than 
that  determined  by  the  expression  (21)  for  a  given 
bulk  solid  solution  composition  (see  fig.  la,  the 
case  of  Xh  =  Xj),  the  situation  with  x^^rf  =  ^2  (the 
absence  of  a  Ga  segregation  layer)  may  also  be¬ 
come  equilibrium,  since  /As,.exc  higher  than  the 
pressure  corresponding  to  the  Al-Ga-As  liquidus 
boundary  for  a  given  composition.  The  system 


Fig.  1.  (a)  Ttie  arsenic  equilibrium  partial  pressure  over  the  A)-Ca-As  liquid  pha.se.  which  is  in  equilibrium  with  the  solid  solution 
AI,Ga, .  ,  As.  versus  x  at  different  7,  (solid  lines)  (see  (21)).  Scheme  of  a  quasi-liquid  phase  formation  mechanism:  .v,  and  x,  are  the 
different  bulk  compositions  (see  (23)),  and  is  the  equilibrium  surface  .solid  phase  monolayer  composition  corresponding  to 
(b)  The  temperature  dependences  of  Ga  equilibrium  partial  pressure:  over  the  AI-Ga-As~Al  ,Ga| .  ,  As  liquidus  (solid  line); 
over  the  free  surface  Al  ,Gai  _  ^  As  solid  phase  at  different  x  and  /’ax,  (dashed  and  broken  lines).  Solid  horizontal  lines  correspond  to 
beam  equivalent  pressure  of  incident  Ga  flux  at  different  growth  rate.s.  are  the  "  forbidden"  range  upper  boundaries  at  different 

GaAs  growth  rate  component. 
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Fig.  2.  Schematic  diagram  of  a  Ga  quasi-liquid  phase  on  the 
surface  of  Alj,Ga,  _j,As. 


that  has  a  tendency  to  increase  its  area  with  time 
will  be  stable  during  growth.  At  the  same  arsenic 
excess  pressure,  the  gallium  equilibrium  pressure 
over  the  liquid  phase  is  higher  than  that  over  the 
solid  Al,Ga,_^As  (see  fig.  lb).  This  means  that 
the  Ga  vapour  over  the  liquid  phase  regions  is 
supersaturated  with  respect  to  the  free  Al,Ga,_  , 
As  surface  regions  and  will  evidently  give  rise  to 
the  condensation  of  Ga  atoms  on  the  free  alloy 
surface.  Since  the  gallium  atom  flux  from  the 
surface  corresponding  to  the  equilibrium  partial 
pressure  is  maximum  over  the  liquid  phase  re¬ 
gions,  the  GaAs  component  of  the  Al,Ga,_^As 
growth  rate  for  these  regions  is  lower  and  the  solid 
solution  composition  x^,  is  higher,  as  follows  from 
the  mass  conservation  law  (see  (6)  and  (23)).  Fur¬ 
thermore.  the  higher  growth  rate  in  the  free  surface 
regions  should  prevent  quasi-liquid  phase  propa¬ 
gation  over  the  substrate  surface,  giving  rise  to  the 
formation  of  localized  liquid  phase  islands.  A 
schematic  diagram  of  Ga  quasi-liquid  phase  on 
the  surface  of  AI,Ga,.,As  is  presented  in  fig.  2. 

It  is  obvious  that  this  quasi-liquid  phase  forma¬ 
tion  may  cause  composition  and  thickness  nonuni¬ 
formity  over  the  substrate  surface  and,  hence,  be 
the  origin  of  the  Al^Ga,  _ ,  As  surface  morphology 
degradation.  The  increase  of  x^,  i.e.  the  decrease 
of  compared  to  /q,,  should  result  in  a  rougher 
morphology  for  the  same  growth  time. 

Thus,  to  prevent  Ga  segregation  layer  forma¬ 
tion  during  the  growth  of  Al,Ga,  _  ,  As.  it  is  neces¬ 
sary  either  for  the  arsenic  excess  pressure  to  be 
higher  than  its  equilibrium  partial  pressure  over 
the  Ga-GaAs  liquidus  at  a  given  7,  (As-stabilized 
growth  conditions),  or  for  the  beam  equivalent 


pressure  of  the  Ga  incident  flux  Pq^  to  be  lower 
than  the  gallium  equilibrium  partial  pressure  along 
the  Ga-GaAs  liquidus  (but  higher  than  Pq^)  (see 
fig.  lb,  the  7^  values  determine  the  upper  sub¬ 
strate  temperature  “forbidden”  range  boundaries). 
In  this  case  the  Ga  “floating”  layer  caimot  appear 
because  of  evaporation.  The  latter  can  be  reached 
by  both  an  increase  of  the  substrate  temperature 
and  a  decrease  of  the  GaAs  growth  rate  compo¬ 
nent. 

Another  way  is  a  predeposition  of  several  Ga 
monolayers  immediately  before  the  growth  of 
Al,Ga,_^As,  i.e.  when  the  quasi-liquid  phase  just 
begins  to  form.  The  growth  through  this  liquid 
thermodynamically-stable  and  uniform  Ga  float¬ 
ing  layer  (“floating  layer  epitaxy”)  allowed  us  to 
obtain  high  quality  Alo35Gao65As  layers  with 
nearlv  smooth  morphology  (-1  /rm  thick;  /Jjook 
=  1.5  X  10‘*  cm“^,  /i3,ioK  =  1140  cm^/.V  ■  s,  ^7714 
=  2.2  X  10'® cm"’,  M77K:  =  1600 cmVV  •  s;  FWHN 
of  the  PL  peak  corresponds  to  that  of  GaAs)  at  an 
intermediate  substrate  temperature  (7^  -650°C, 
i.e.  inside  the  “forbidden”  range)  even  in  poor 
vacuum  conditions.  The  better  results  may  seem  to 
be  obtained  with  this  method  when  growth  inter¬ 
ruptions  are  used  after  each  200-500  A  of  Al- 
GaAs  growth  to  evaporate  this  Ga  floating  layer 
and.  then,  to  form  it  again. 

Fig.  3  shows  the  calculated  temperature  depen¬ 
dence  of  arsenic  equilibrium  partial  pressure  over 
the  Ga-GaAs  liauidus  and  over  the  Al-Ga-As 
liquid  phase,  which  is  in  equilibrium  with 
Al^Ga,  _ ,  As  soUd  solution  (dashed  lines,  see  (21)). 
The  dotted  line  is  the  minimum  possible  arsenic 
beam  equivalent  pressure  experimentally  obtained 
in  ref.  [11],  corresponding  to  the  transition  from 
As-  to  Ga-stabilized  conditions  on  the  GaAs 
surface  at  zero  growth  rate.  The  temperature  de¬ 
pendence  of  minimum  possible  arsenic  beam 
equivalent  pressure  at  which  the  Al-Ga-As 
quasi-liquid  phase  does  not  appear  according  to 
the  model  proposed  is  presented  in  fig.  3  by  the 
solid  lines  which  correspond  to  different  alloy 
growth  rates.  These  last  dependences  were  calcu¬ 
lated  using  the  expression; 

Po)  +  PZ]  +  {PmV  )  ^  (24) 
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Fig.  3.  The  experimentally  obtained  (in  ref.  (11))  minimum 
possible  arsenic  beam  equivalent  pressure  corresponding  to  the 
transition  from  As-  to  Ga-stabilized  conditions  on  the  GaAs 
surface  at  zero  growth  rate  (doited  line).  The  calculated  tem¬ 
perature  dependences  of  arsenic  equilibrium  partial  pressure 
over  the  AI-Ga-As-AI,Gai . ,  As  liquidus  at  different  .x 
(dashed  lines)  and  minimum  possible  arsenic  beam  equivalent 
pressure,  wfhich  are  necessary  to  provide  As-stabilized  growth 
conditions  at  different  alloy  growth  rates  of  2.1  and  0.7  pm/h 
(solid  lines).  The  shaded  regions  show  the  theoretically  predic¬ 
ted  growth  condition  ranges,  within  which  a  Ga  segregation 
layer  should  appear  at  the  growth  rates  of  2.1  and  0.7  (im/h. 
The  full  and  open  circles  are  the  experimental  data  of  ref.  (13|. 
corresponding  to  rough  and  smooth  morphology  of 
All,  ,Ga,|,As  layers,  respectively,  provided  that  the  arsenic- 
beam  equivalent  pressure  for  the  layer  grown  at  blXl^C  is 
believed  to  be  equal  to  10  *’  Torr.  Our  experimental  results  for 
the  AI|i  ,Ga„7As  growth  rate  of  0.7  pm/h  are  also  shown  by 
closed  (rough  morphology)  and  open  (smooth  morphology) 
.squares. 

where  )'  is  taken  from  the  experimental  curve 
(dotted  line).  As  is  seen  from  fig.  3,  the  effect  of  a 
(^As!')’  increase  becomes  noticeable  within  the 
substrate  temperature  range  of  630-640  °  C,  which 
is  in  a  good  agreement  with  the  lower  boundary  of 
the  “forbidden”  range  [12-14],  It  is  obvious 
that  the  larger  the  solid  solution  growth  rate  at  the 
same  V/Ill  ratio,  the  larger  /as.ssi  and,  hence, 
the  higher  the  lower  “forbidden”  range  boundary. 


According  to  our  consideration,  the  very  low  solid 
solution  growth  rates  and  high  V/III  ratio  should 
result  in  the  disappearance  of  a  “forbidden” 
range  because  of  the  merging  of  its  upper  and 
lower  boundaries  (see  fig.  lb  and  fig.  3). 

The  shaded  regions  in  fig.  3  show  the  growth 
condition  ranges  within  which,  according  to  the 
thermodynamic  analysis,  a  Ga  segregation  layer 
should  appear  at  the  growth  rates  of  2.1  and  0.7 
fim/h.  The  full  and  open  circles  are  the  experi¬ 
mental  data  of  ref.  [13]  corresponding  to  rough 
and  smooth  morphology  of  Alu,Gau7As  layers 
respectively.  Our  experimental  results  for  the 
Alo,Ga|)7As  growth  rate  of  0.7  jam/h  are  also 
shown  by  closed  and  open  squares  (rough  and 
smooth  morphology  respectively).  The  experimen¬ 
tal  conditions  and  the  method  of  arsenic  excess 
pressure  measurement  and  calculation  are  practi¬ 
cally  the  same  as  in  ref.  [25], 

The  case  of  indium  segregation  on  the  surface 
of  Ga,ln,_„As  and  Al,,ln,_,.As  can  be  consid¬ 
ered  in  the  same  way. 


7.  Dopant  segregation  in  MBE  of  Ill-V  com¬ 
pounds  (Sn  segregation  in  GaAs) 

At  present  the  kinetic  models  of  the  impurity 
segregation  process  in  MBE  are  widely  used  [15], 
Among  them,  the  segregation  models  for  tin  in 
GaAs  are  the  most  developed  [16,17],  The  first 
thermodynamic  consideration  of  tin  doping  of 
GaAs  was  performed  in  refs.  [4.18], 

Here,  using  the  thermodynamic  approach  de¬ 
veloped  in  the  previous  section,  we  consider  the 
arsenic  equilibrium  partial  pressure  over  the  Ga- 
As-Sn  liquid  phase,  which  is  in  equilibrium  with 
GaAs  doped  with  Sn. 

Within  the  substrate  temperature  range  of  in¬ 
terest  ( <  800  °  C).  the  arsenic  concentration  in 
the  liquid  phase  can  be  neglected  [19]: 

[As,  ]«l,  [Ga^]  +  [Sn,  ]  =  1.  (25) 

The  gallium  equilibrium  partial  pressure  over  the 
Ga-Sn-GaAs ;  Sn  liquidus  is  as  follows  (see  (16)): 

=TGa[Gai]/\^^ 


(26) 
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Fig.  4.  The  temperature  dependences  of  arsenic  equilibrium 
partial  pressure:  over  the  Ga-GaAs  (iquidus  (see  (7))  (solid 
line),  over  the  Ga-As-Sn  liquid  phase,  which  is  in  equilibrium 
with  Ga.As  doped  with  Sn  up  to  the  concentration  -  lO'" 
cm  ’  ( )  (dashed  line),  and  over  the  GaAs  saturated 
solution  in  Sn  ( )  (20|  (broken  line).  The  dotted  line  is  the 
same  as  in  fig.  3.  The  shaded  region  corresponds  to  growth 
conditions  at  which  the  Sn  segregation  layer  cannot  occure  at  a 
doping  level  of  -lO'^cm  '. 


where  is  the  Ga  activity  coefficient  in  the 
liquid  phase.  The  calculation  of  Voa  using  ref.  [10] 
for  r,  =  700°C  and  Sn  concentration  in  GaAs 
-  10"*  cm  ■  ([Sn,  1  ~  0,8.  [As,  ]  -  0.015,  [Ga,  ]  ' 
0.2(  [19,32]  gives  the  value  y<;^=1.04.  Further, 
taking  into  account  the  fact  that  =  1,  we  ob¬ 
tain  from  (3).  (7).  (15),  (25)  and  (26)  the  following 
expres.sion  for  the  arsenic  equilibrium  pressure: 

pKu  S""  _  [Sn,  ])-’.  (27) 

Fig.  4  presents  the  temperature  dependences  of 
arsenic  equilibrium  partial  pressure:  (1)  over  the 
Ga-GaAs  liquidus  boundary  (  Fa'"!'  )■  f2)  over  the 
Ga-As-Sn  liquid  phase  (Ga-rich),  which  is  in 
equilibrium  with  GaAs  doped  with  Sn  up  to  the 
concentration  -  10"*  cm  '  (  *’"'' )  (calcu¬ 

lated  according  to  (27)  using  the  data  of  Hurle 
[32]),  and  (3)  over  the  GaAs  saturated  solution  in 
Sn  (  Fa"'  )  [20],  which  is  the  maximum  arsenic 
equilibrium  pressure  for  tin-rich  solution.  The  in¬ 
terception  point  of  the  S"'!  and  Fa"‘  depen¬ 
dences  determines  the  minimum  critical  substrate 
temperature  ( )  at  which  a  given  Sn  doping  con¬ 
centration  corresponds  to  the  maximal  Sn  con¬ 


centration  in  the  melt  (maximal  tin  vapor  pres¬ 
sure). 

By  analogy  with  the  gallium  segregation  case, 
one  can  show  that  Fa^,  exc  should  exceed  F^",'  at 
given  Tj  >  7[,  to  prevent  Sn  surface  segregation, 
i.e.  it  should  be  essentially  increased  compared  to 
the  pressure  commonly  used  to  grow  undoped 
GaAs  (compare  solid  and  broken  lines  in  fig.  4). 
When  Fa,,  ext  increased  to  a  value  higher  than 
Fa".'  ,  the  liquid  phase  becomes  tin  depleted,  so 
decreases  and  F|„  over  the  tin-rich  solid  phase 
becomes  higher  than  Fj;,.  In  this  case  the  quasi¬ 
liquid  phase  seems  to  be  unstable.  The  shaded 
region  in  fig.  4  corresponds  to  growth  conditions 
at  which  the  Sn  segregation  layer  cannot  occur  at 
a  doping  level  of  ~  10"*  cm  ’. 


8.  Interplay  of  impurity  segregation  and  diffusion 
in  MBE  (Be  in  GaAs) 

In  general,  impurity  segregation  depends  on  the 
rate  of  atom  arrival  from  the  bulk  to  the  surface. 
Thus  it  is  necessary  to  take  into  consideration  the 
balance  of  the  atomic  fluxes  (the  mass  conserva¬ 
tion  law).  This  is  true  for  the  case  of  Be  in  GaAs. 
In  this  case  by  analogy  with  that  of  Sn  in  GaAs. 
we  may  consider  the  arsenic  equilibrium  pressure 
over  the  Ga-As-Be  quasi-liquid  phase,  which  is 
in  equilibrium  with  GaAs  heavily  doped  with  Be. 
Although  the  Be  melting  point  is  1283°  C.  the 
Be-rich  suface  segregation  layer  may  be  regarded 
as  the  quasi-liquid  phase,  which  we  assume  to  be 
thin  enough  for  Be  microprecipitates  not  to  form. 
It  will  al.so  be  a  rea.sonable  a.ssumption  to  neglect 
the  arsenic  concentration  in  the  quasi-liquid  phase 
at  the  substrate  temperatures  of  interest,  i.e. 

[As,  ]«1.  [Be,]  +  [Ga,]-l.  (28) 

Omitting  intermediate  calculation  procedures,  one 
can  obtain 

p.Bv-oai,  _  [Be,  ])'.  (29) 

where  F,[’“'  is  the  arsenic  equilibrium  pressure 
over  the  Cja-GaAs  liquidus  of  undoped  GaAs. 
and  the  Ga  activity  coefficient  in  the  quasi-liquid 
phase  is  taken  equal  to  1  for  a  simplicity. 
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Thus,  as  it  follows  from  (29)  at  7^  =  600- 
630  °C,  when  becomes  noticeable,  and  at 

high  Be  concentration  in  the  quasi-liquid  phase, 
[BeLl  ~  1,  ([Be<JJ  -  (Be^J„„  for  a  Be-rich  melt), 
the  As  equilibrium  pressure  over  the  Ga-Be- 
GaAs;  Be  liquidus  becomes 

much  higher  than  At  low  temperatures  of 

about  500  °C,  should  be  small  enough 

due  to  the  commonly  observed  decrease  in  the  As 
solubility  in  a  metal  solution  with  temperature. 

As  is  also  seen  from  (29),  the  dependence  of 
on  [BecJa]  's  steep  only  in  the  vicin¬ 
ity  of  [BeqJ,^^,.  So  any  high  enough  com¬ 

pared  to  P^'l‘  will  be  in  equilibrium  with  a  surface 
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Fig.  5.  The  temperature  dependences  of  diffusion  length  in  1  s 
(Za)  at  different  Be  doping  levels  (the  solid  line  at  IxlO’** 
cm  ’  corresponds  to  the  expcnmenlal  data  of  ref.  |21)  (  x  ).  the 
dashed  lines  are  calculated  with  respect  to  that  according  to 
(34)).  The  solid  horizontal  lines  show  layer  thicknesses  in  I  s 
Id)  al  different  growth  rales.  Comparison  of  experimental  and 
theoretical  results  on  the  annealing  of  GaAs;  Be  layers  and  on 
the  effect  of  growth  parameters  and  doping  levels  on  the  onset 
of  fast  Be  in-diffusion  and  surface  morphology  degradation  in 
MBE  GaA.s :  Be  (see  text). 


solid  phase  layer  with  very  high  beryllium  con¬ 
centration  close  to  This  means  that,  in 

practice,  for  MBE  Be  doping  of  GaAs  under  the 
As-rich  condition,  when  the  Be  bulk  concentration 
is  low  enough  compared  to  the  Be  concentration 
corresponding  to  Be-rich  melt  ([Be^^Jh  <  10^® 
cm“^),  the  Be  concentration  in  the  surface  solid 
phase  layer  must  be  close  to 

As  has  been  proposed  by  Miller  et  al.  [21]  and 
confirmed  experimentally  by  Miller  and  Asbeck 
[22],  the  diffusion  of  Be  in  GaAs  (and  AlGaAs) 
may  proceed  by  a  movement  of  the  highly  mobile 
positively  charged  Be  interstitials  (Be,^),  while  the 
resulting  profile  of  electically  active  substitutional 
Be  acceptors  is  determined  by  an  interaction  of 
these  interstitials  with  gallium  vacancies  [21]; 

Be:+Vo,  =  BeJ,  +  2h\  (30) 

The  concentration  of  interstitials  is  assumed  to  be 
small  compared  to  substitutional,  i.e.  [Be'^)j]<K 
[BCf]^].  Applying  the  law  of  mass  action  to  (30) 
gives; 

^t'=[Bec-,lpV[Be;][V,;J.  (31) 

According  to  ref.  [23],  the  expression  for  the  Be 
diffussion  coefficient  can  be  written  as; 

I>Be  ~  [ Be;  ] /( Be,7j  =  (  )  ■  ' p-/[Vos  ]  ■  (32) 

For  [Be(;j]>  lO”*  cm^^  and  in  the  range  of 
500-700 °C.  the  Be  diffusion  coefficient  for  MBE 
growth  may  be  written  as  (all  symbols  as  in  ref. 
[5]); 

~  Kl  KU  K,,  Kl  ^  [Bq:,  ] ' 

=  ^,[Bq,J-.  (33) 

where  A,  is  a  proportionality  coefficient  depend¬ 
ing  on  the  temperature  and  having  a  compara¬ 
tively  weak  dependence  on  the  arsenic  equilibrium 
pressure.  Using  the  Be  diffusion  coefficients  ex¬ 
perimentally  measured  at  different  doping  levels 
and  substrate  temperatures  and  taking  into 
account  (33),  it  is  possible  to  estimate  the  distance 
(L).  which  is  reached  by  the  diffusion  front  in  one 
second  after  a  contact  of  doped  and  undoped 
regions 

i-=V^'[BecpJ.  (34) 
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Let  d  signify  the  thickness  of  the  GaAs  layer 
grown  in  1  s.  If  Z,  >  d,  the  Be  concentration  in  a 
surface  monolayer  reaches  for  its  growth 

time  even  without  the  input  Be  flux.  Thus,  the 
input  Be  flux  turns  excessive  and  may  lead  to 
surface  enrichment  with  beryllium  and,  as  a  conse¬ 
quence,  segregation  layer  formation,  if  this  is  ther¬ 
modynamically  favourable. 

Fig.  5  presents  the  L  (see  (34))  temperature 
dependences  at  different  Be  doping  levels.  They 
were  plotted  using  the  experimental  data  of  high 
resolution  secondary  ion  mass  spectroscopy 
(SIMS)  profile  measurements  of  Miller  et  al.  [21] 
at  1  X  10''^  and  1  X  10'*  cm  (crosses  and  solid 
line)  and  the  data  of  ref.  [24]  at  600  °C  from  the 
normal  Be  diffusion  region  (four  closed  circles  in 
the  range  of  (1.4-3. 8)  X  10'''  cm  '),  which  agree 
well  with  the  square-law  dependence  of  the  diffu¬ 
sion  coefficient  on  [Be^]^]  (32).  The  other  depen¬ 
dences  (dashed  lines)  were  calculated  according  to 
(34).  assuming  the  same  diffusion  coefficient  be¬ 
haviour  with  temperature.  One  should  note  the 
good  agreement  between  the  Be  diffusion  coeffi¬ 
cients  in  the  Be-implanted  up  to  2.2  x  lO'**  cm  ' 
GaAs  layer  annealed  at  900  °C,  which  was  re¬ 
ferred  to  in  ref.  [26].  (open  circle),  and  the  later 
reported  data  on  as-grown  MBE  GaAs  ;  Be.  .An 
estimation  of  the  temperature  dependence 
from  fig.  5  gives 

~  exp[(-3.0±0.2)/AT].  (35) 

Further,  the  horizontal  solid  lines  show  the  d 
values  corresponding  to  different  growth  rates. 

L'sually  the  arsenic  excess  pressure  during 
growth  is  higher  than  corre.sponding  to  any 
given  beryllium  bulk  doning  level  according  to 
(29).  but  le.ss  than  The  Be  concentration 

|Be;(.,]h  is  determined  bv  the  Be  to  Ga  flux  ratio 

(«! 

(36) 

At  low  [Be,;j]h.  the  diffusion  coefficients  are  very 
small  and  all  the  Be  atoms  arris  ing  onto  the 
growth  surface  incorporate  as  substitutional 
acceptors  on  the  Ga  sites.  As  [Be(;_,lh  rises.  L 
increa.ses.  At  last,  when  L  >d.  the  input  Be  flux 
becomes  excessive  and  a  quasi-liquid  phase  of 
segregated  Be  atoms  arises.  It  is  in  equilibrium 


with  the  surface  solid  phase  monolayer  (SSPM) 
with  [BetTJ  =  >  [Bec7a]b-  Since  the  beryl¬ 

lium  concentration  at  the  SSPM  in  much  higher 
than  the  bulk  one,  the  Be  interstitial  concentration 
[BCj'']  in  the  SSPM  drastically  increases  (it  may  be 
shown  that  [Be;'']  -  [Be^a]')-  Thus,  in  this  case  the 
growth  surface  serves  as  Be  interstitial  generation 
region  stimulating  the  strong  Be  diffusion  into  the 
bulk.  This  makes  it  impossible  to  obtain  a  high  Be 
concentration  in  a  thin  layer.  This  claim  is  con¬ 
firmed  by  the  data  of  Pao  et  al.  [24],  who  observed 
the  drastic  increase  in  Be  diffusion  coefficient 
from  -  1.4  X  10  to  ~  2  X  10*'"  cmr/s  with  a 
Be  doping  increase  from  -  3.8  X  lO'"'  to  ~  5.3  x 
10'‘'cm  ^  at  600  °C  and  growth  rate  of  1.4  /rm/h 
(see  fig.  5.  closed  circles  and  the  solid  horizontal 
line  corresponding  to  =  1.4  gm/h).  In  the  case 
of  thin  heavily  doped  layers,  this  effect  prevents 
the  Be  segregation  layer  from  appearing,  because 
the  strong  increase  in  Be  in-diffusion  results  in  the 
increa.se  of  the  doped  layer  thickness,  with 
instead  of  in  the  increase  of  [Bef]^].  On  the  other 
hand,  the  increase  of  Be,^  concentration  in  the 
growing  layer,  which  was  found  in  ref.  [30]  to 
participate  in  the  formation  of  nonradiative 
centers,  may  result  in  a  pronounced  reduction  of 
luminescence  intensity  [31]  al  doping  levels  de¬ 
termined  by  the  condition  of  d. 

Further,  as  the  substrate  temperatures  com¬ 
monly  used  in  MBE  are  small  compared  to  the 
beryllium  melting  point  (1223°C),  it  is  po.s.sible 
for  segregated  Be  atoms  to  form  solid  phase  pre¬ 
cipitates  on  the  growth  surface,  leading  to  the 
layer  morphology  deterioration.  The  morphology 
degradation  has  been  also  reported  in  ref.  [28]  to 
be  normally  as.sociated  with  the  on.set  of  the  fast 
Be  diffusion. 

To  prevent  the  Be  segregation  layer  formation 
in  the  case  when  d  <  L  a\.  constant  grow  th  rate 
and  Be  doping  level,  it  is  nece.ssary  either  to 
reduce  the  substrate  temperature  for  to  be 
less  than  the  P.^,,  used  (see  (29))  or  to  increase 
^v^  cxc-  The  former  has  been  demonstrated  by 
l.ievin  and  Alexandre  [27].  when  reducing  the 
substrate  temperature  from  550  to  500  °C  at  a  Be 
concentration  of  1  x  lO^"  cm  '  Recently  Pao  et 
al.  [28]  have  succeeded  in  suppressing  the  fast  Be 
diffusion  completely  and  obtaining  gixvd  surface 
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morphology  by  a  strong  increase  of  the  As4/Ga 
ratio.  This  has  been  found  to  be  possible  only  at 

=  520  °  C  for  a  Be  concentration  of  1  X  10^® 
cm~‘\  but  not  at  7’s  =  580°C.  This  result  also 
agrees  well  with  the  conclusions  from  eq.  (29). 
Moreover,  the  measured  in  ref.  [28]  at  an 
As4/Ga  ratio  corresponding  to  the  transition  from 
fast  to  normal  Be  diffusion  had  a  value  at  which  L 
is  equal  to  d  at  the  growth  rate  of  1  /im/h  (see  fig. 
5,  closed  triangle  at  520  °  C). 

It  is  also  obvious  from  the  model  proposed  that 
the  effects  connected  with  the  Be  surface  segrega¬ 
tion  could  be  observed  at  the  lower  doping  ievels, 
if  the  growth  rates  are  small  enough,  limura  and 
Kawabe  [29]  reported  the  transition  from  smooth 
to  rough  morphology  at  2.2  X  10''*  cm“  '  at  a 
growth  rale  of  0.46  ixm/h)  closed  square  in  fig.  5 
at  =  570°  C).  The  same  transition  was  observed 
in  this  work  at  =  0.39  /rm/h  and  the  lower 
doping  level  of  -  5  X  lO'*  cm"  (encircled  dot  in 
fig.  5  at  r,  =  620  °C)  (for  the  experimental  condi¬ 
tions,  see  elsewhere  [25)).  The  encircled  dot  at 
T  =  540  °  C  corresponds  to  a  smooth  surface  mor¬ 
phology  layer  with  p  =  6.4  x  10'“^  cm '  ’  grown  at 

=  0.43  fi  m/h  and  at  an  arsenic  excess  pressure 
much  higher  compared  to  the  undoped  GaAs 
growth. 

9.  Conclusion 

One  may  conclude  that  the  thermodynamic  de¬ 
scription  of  segregation  effects  in  MBE  of  III-V 
compounds  propo.sed  here  is  in  good  qualitative 
and  in  some  cases  quantitative  agreement  with  the 
experimental  results,  and  provides  a  very  useful 
guide  for  controllable  change  of  growth  parame¬ 
ters  to  obtain  high  quality  epitaxial  structures  with 
abrupt  composition  and  doping  profiles  and  per¬ 
fect  surface  morphology.  This  approach  may  be 
u.sed  for  the  de.scription  of  MBE  growth  and  dop¬ 
ing  of  other  semiconductor  compounds,  such  as 
II  VI.  Si-Ge.  etc. 
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Nonlinear  diffusion  equation  for  epitaxial  growth  and  recovery 
on  vicinal  surfaces 
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Recently,  we  derived  a  theoretical  model  for  molecular-beam  epitaxy  (MBR)  on  vicinal  surfaces  that  includes  both  adatom 
diffusion  and  a  nonlinear  term  for  diatomic  island  formation.  The  model  was  shown  to  reproduce  and  explain  both  the  transient 
behavior  of  reflection  high-energy  electron-diffraction  measurements  of  MBE  on  stepped  surfaces  and  their  dependence  on  the 
growth  conditions.  Here,  we  refine  the  model  to  include  the  formation  of  higher-atomic  islands  (with  up  to  ten  atoms)  as  well  as  their 
decav  and  incorporate  a  simple  model  for  atom  attachment  and  detachment  kinetics  at  the  step  edges.  We  show  that  incorporation 
of  island  break-up  is  necessary  for  a  realistic  model  of  recovery. 


1.  Introduction 

A  realistic  model  of  molecular-beam  epitaxy 
(MBE)  on  vicinal  (stepped)  surfaces  must  include 
both  the  migration  of  adatoms  on  the  substrate 
and  the  interaction  among  these  adatoms  in  the 
form  of  cluster  formation  and  break-up.  Previous 
analytical  models  of  MBE  growth  have  generally 
treated  each  process  separately.  Kinetic  rate  equa¬ 
tions  can  be  used  to  model  island  formation  alone 
(1];  however,  this  approach  is  not  suitable  for 
stepped  surfaces  for  which  a  diffusion-controlled 
concentration  gradient  is  present  along  the  ter¬ 
races.  A  different  approach  is  based  on  the  near- 
equilibrium  crystal  growth  theory  of  Burton, 
Cabrera  and  Frank  (BCF)  [2).  in  which  linear 
diffusion  equations  are  solved  for  the  step  velocity 
and  adatom  concentration  along  the  terrace.  Ex¬ 
tensions  of  this  theory  to  MBE  have  been  reported 
which  include  corrections  due  to  the  non-equi¬ 
librium  growth  conditions  [3  6].  However,  al¬ 
though  it  was  recognized  that  nucleation  phenom¬ 
ena  would  be  important  under  typical  MBE  con¬ 
ditions  [7,8],  none  of  these  treatments  have  ex¬ 
plicitly  combined  both  adatom  diffu.sion  and  a 
mechanism  for  island  formation. 

Recently  we  have  introduced  a  theoretical 
model  for  MBE  on  vicinal  surfaces  based  on  the 
BCF  diffusion  equations  which  includes  a  nonlin¬ 
ear  term  for  the  formation  of  diatomic  islands  in 


addition  to  adatom  diffusion  [9.10].  The  inclusion 
of  a  mechanism  for  nucleation  was  shown  to  be 
es.sential  to  reproduce  and  explain  the  transient 
behavior  of  reflection  high-energy  electron  diffrac¬ 
tion  (RHEED)  measurements  of  MBE  growth  on 
stepped  surfaces  [10].  In  this  paper,  we  show  how 
this  model  can  be  further  extended  to  model  re¬ 
covery  processes  as  well  as  growth  by  including 
formation  of  higher  order  islands  and  island 
break-up.  We  also  discuss  the  difficulties  of  in¬ 
cluding  the  intrinsically  two-dimensional  kinetics 
of  atom  attachment  and  detachment  at  the  step 
edges  into  the  one-dimensional  model. 

2.  Theoretical  model 

First,  we  briefly  review  the  original  theory, 
before  incorporation  of  atom  detachment  kinetics 
and  higher-order  island  formation  is  discussed. 
The  vicinal  surface  consists  of  an  infinite  train  of 
flat  terraces  of  width  ft  in  the  .v-direction  (fig.  1). 
The  effective  diffusion  equation  for  the  adatom 
concentration  n(.r.  t)  in  the  continuum  limit  is 

^n(x.l)  „9’n(.v.  t)  ,  ,,  ^  ^dn(x.  t) 

- -  —  D - -  “b  y  “b  r{  I  ) - t: - 

9/  a.v2  '  9.V 

-R[n(.v.  /)]. 

n{0.  r)  =  n{h .  t)  —  0.  (1) 


0022-0248/91 /$03. 50  1991  -  Elsevier  Science  Publishers  B.V.  (North-Holland) 


A.K.  Myers-Beaghton,  D.D.  Vvedensky  /  Nonlinear  diffusion  equation  for  epitaxial  growth 


163 


The  above  equation  is  written  with  respect  to  a 
coordinate  system  moving  with  the  velocity  v{t) 
of  the  steps.  In  (1),  D  is  the  diffusion  constant  of 
the  adatoms  on  the  terraces,  J  is  the  adatom  flux 
to  the  surface,  and  /?[«]  is  the  rate  of  adatom 
nucleation,  specified  below.  The  diffusion  con¬ 
stant  is  taken  to  be 

D  =  cxp{-- Exi/k^T ), 

where  v  is  an  adatom  vibrational  frequency  on  the 
order  of  10'^  s”’.  a  is  the  nearest-neighbor  hop¬ 
ping  distance,  fp  is  the  effective  activation  en¬ 
ergy  for  diffusion  of  a  lone  adatom,  kg  is  Boltz¬ 
mann’s  constant,  and  T  is  the  substrate  tempera¬ 
ture. 

In  the  original  model,  we  included  adatom 
nucleation  on  the  terraces  to  a  first-order  ap¬ 
proximation  by  allowing  the  formation  only  of 
diatomic  islands.  We  now  consider  inclusion  of 
higher-order  island-formation  as  well  as  a  mecha¬ 
nism  for  break-up  of  the  islands.  The  concentra¬ 
tion  of  a  species  with  j  atoms  is  denoted  by 
t).  We  assume  that  an  adatom  attached  to  an 
island  detaches  itself  from  the  island  with  a  prob¬ 
ability  per  unit  time  of  k^.  Thus  the  net  rate  at 


which  an  island  with  J  atoms  is  formed  is  given 
by; 

Rj{n^,  n^_j.  /ij,  + 

/  ”7-1  "7  \ 

=  cDn,(nj_,-nj)+Ji^mj_,-^-n,-^  J 

-  - /Jy+i),  J>2.  (2) 

The  first  term  on  the  right-hand  side  of  (2)  repre¬ 
sents  the  rate  at  which  single  mobile  adatoms 
collide  with  existing  atoms  or  islands  and  is  pro¬ 
portional  to  Z>  and  to  o,  a  capture  efficiency  of 
order  one  [1).  The  second  term  accounts  for  the 
direct  coUisioi.  of  incoming  atoms  with  adsorbed 
adatoms  or  islands  and  is  proportional  to  the  total 
fraction  of  incoming  adatoms  that  arrive  at 
island-forming  sites,  n^/wo'  where  Wq  con¬ 

centration  of  lattice  sites.  The  factor  ntj  is  the 
number  of  sites  around  an  adsorbed  entity  with  j 
atoms  that  will  form  a  (y  +  l)-atom  island  when 
filled.  The  third  term  accounts  for  island  decay. 

If  we  now  assume  that  islands  have  a  finite 
probability  of  breaking  up.  then  we  must  also 
include  the  detachment  of  single  adatoms  from 
the  step  edge.  We  employ  boundary  conditions 
[6.11]  which  identify  the  flux  into  the  step  from 


Fig.  1.  Schematic  representation  of  a  section  through  the  stepped  crystal. 
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■  Hs 

Pn,(x,t) 


Fig.  2.  Depiction  of  adatom  attachment  and  detachment  kinet> 
ics  below  the  step  edge  and  island  break-up  on  the  terraces. 


either  above  or  below  to  be  given  by  the  next  rate 
at  which  atoms  hop  into  the  step  edge  (fig.  2): 


=  5^n(0,  t)  ~  s^n^. 


=  -s^n{h.  t)  +s^n,. 

-‘h 


(3) 


Above,  the  rate  constant  for  adatom  incorporation 
into  a  step  is  and  Sj  is  the  rate  of  detachment 
of  atoms  from  the  step  edge,  where  n,  is  the 
concentration  of  singly-bonded  or  kink-site  atoms 
on  the  step  edge  which  may  detach. 

Inclusion  of  island  and  step  breakup  leads  to 
the  introduction  of  several  new  parameters; 
s,,  jj  and  Assuming  that  the  energy  of  attach¬ 
ment  between  two  nearest-neighbor  atoms  is 
yields 

=  »  exp[  -  ( +  £'n  )/I<bT )1  • 

Estimation  of  the  step  kinetic  parameters  s,,  5^, 
and  is  more  difficult  since  the  values  of  these 
parameters  will  depend  on  the  two-dimensional 
morphology  of  the  step  edge,  which  is  not  in¬ 
cluded  in  our  one-dimensional  averaged  theory. 
As  a  first  approximation,  we  will  assume  that  n,  is 


the  concentration  of  singly  bonded  atoms  on  the 
step  edge  and  is  a  constant;  thus 

Sd  =  Kfl  exp[-(£D-l-  £n)/^b7')]/4. 

where  the  factor  of  four  occurs  because  only  one 
hop  in  four  directions  (assuming  a  ((X)l)  surface) 
will  result  in  detachment  of  the  atom  below  (or 
above)  the  step.  Furthermore,  we  assume  that  the 
rate  of  attachment  of  an  atom  to  the  step  is 
proportional  to  its  mobility;  hence 

=  ua  expi~Ey,/k^T  )/4. 

It  is  convenient  to  introduce  dimensionless 
variables  by  y'j  =  Dn/Jh^,  x  x/h.  t 
t/(n^/J),  and  n-rvtiQ/Jh.  This  results  in  the 
following  set  of  nonlinear  equations  including  is¬ 
lands  with  up  to  N  atoms; 


9y,  9’.v, 


9.Vi 


9/ 


^  +  1  +  I’a-^  -  2ayi(^.V,  +  w,) 


v-i 


-  «  L  y, ( ^y\  +  m,)->r  2.V2  -I-  Vj  . 


9  V)  9 1)  . 

“IT  ""'’“97  “•')) 


(4) 


+  Y,-\  -"',.'7)] 


The  dimensionless  parameter  a  =  Jh'/Drtr  repre¬ 
sents  the  ratio  of  the  diffusion  time  for  an  adatom 
to  reach  a  terrace  {h^/D)  to  the  interarrival  time 
of  atoms  per  site  (tig/J),  p  =  on^h'  is  a  measure 
of  the  rate  of  island  formation,  and  =  k^h'/D 
is  the  ratio  of  the  diffusion  time  to  the  average 
lifetime  of  a  diatomic  island. 


3.  Results  and  discussion 

To  compare  the  transient  behavior  of  our  non¬ 
linear  theory  with  RHEED  measurements  of  MBE 
on  stepped  surfaces  [12-14],  we  calculate  the 
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kinematic  intensity  down  the  staircase  at  the  off- 
Bragg  angle  [5]: 


I(S^=^yr/h,  S,  =  yt/a-,  t) 


(5) 


Fig.  3  shows  the  intensity  as  a  function  of  a  for 
=  324.  calculated  numerically  from  (4)  using  a 
finite  difference  method  [15].  At  the  left  is  shown 
the  intensity  for  the  original  theory  with  diatomic 
islands  only  and  infinitely  “sticky”  adatoms 
oc.  kj.  ij  =  0,  and  -»  oo).  The  transient 
behavior  of  the  calculated  intensity  during  growth 
exhibits  a  remarkable  resemble  to  temporal 
RHEED  measurements  of  MBE  on  stepped 
surfaces  [12-14].  At  high  a  (low  temperature),  the 
nucleation  rate  is  substantial  and  the  pair  con¬ 
centration  builds  up  until  at  a  time  equivalent  to 
deposition  of  one  monolayer,  a  large  proportion  of 
the  surface  is  covered.  Then,  the  velocity  suddenly 
increases  sharply  as  these  islands  are  incorporated 


into  the  step  edge  and  the  step  effectively  shoots 
across  the  surface,  forming  a  less  densely-popu¬ 
lated  fresh  terrace  and  an  oscillation  in  the  inten¬ 
sity.  The  build-up  of  islands  is  then  repeated  but 
to  a  lesser  extent  until  the  intensity  oscillations  are 
damped  out.  At  low  a  (high  temperature),  growth 
proceeds  predominantly  by  incorporation  of  mo¬ 
bile  adatoms  into  the  step  edges.  The  velocity  and 
kinematic  intensity  do  not  oscillate  but  instead 
evolve  monotonically  to  their  steady-state  value. 

In  the  RHEED  measurements,  a  temperature 
7^.  was  defined  as  the  temperature  where  temporal 
oscillations  are  no  longer  detectable  during 
growth;  this  was  interpreted  to  correspond  to  the 
onset  of  step  flow,  i.e.  growth  dominated  by  incor¬ 
poration  of  atoms  at  the  step  edge  [12].  We  have 
shown  that  can  be  predicted  from  our  original 
model  [9]  as  the  point  at  which  pair-formation 
may  be  neglected  and  epitaxial  growth  proceeds 
perdominantly  by  step  propagation: 

T,  =  {Eo/k^)[\niva‘/2Jh^)y'. 


No  island  breakup 


a  *  o.oi 


!  y 


0.05  : 


With  island  break-up 


_g  =  aoio 

0.025 


0.050 


■j: 

C 


0.10 


1,00 


\/ 


A 


()24(.802468 
Time  (monolayers  deposited)  Time  (monolayers  deposited) 

Fig.  i.  Kinematic  intensity  at  S,  =  tt/h  and  .V.  =  tr/a  for  growtii  and  recovery.  The  left-hand  panel  shows  the  nonlinear  theory 
including  nucleation  wfith  diatomic  islands  only  for  P  -  324.  and  the  right-hand  panel  includes  islands  W'ith  up  to  ten  atoms  as  well  as 

atom  detachment  frtnn  the  islands  and  step  edges. 
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We  obtained  excellent  agreement  between  the  val¬ 
ues  of  determined  by  the  nonlinear  model  and 
those  obtained  from  both  Monte  Carlo  simula¬ 
tions  and  measurements  on  vicinal  GaAs  (001) 
surfaces  for  different  Ga  and  As2  fluxes  [9]. 
Nucleation  reduces  the  effective  diffusivity  of  the 
adatoms  by  several  orders  of  magnitude,  and 
therefore  a  realistic  model  of  MBE  on  vicinal 
surfaces  must  include  the  nonlinear  interactions 
responsible  for  island  formation. 

Although  inclusion  of  diatomic  island  forma¬ 
tion  is  sufficient  to  quantitatively  predict  the  tran¬ 
sition  to  step  flow,  several  refinements  are  neces¬ 
sary  for  a  detailed  model  of  MBE  on  stepped 
surfaces.  On  the  right-hand  side  of  fig.  3,  we  show 
the  intensity  for  inclusion  of  islands  with  up  to  ten 
atoms  in  (4),  with  a  finite  probability  of  detach¬ 
ment  E^/E^  =  0.2  and  with  njn^  =  0.25,  which 
was  chosen  to  yield  a  total  concentration  of 
material  under  the  step  edge  at  to  be  close  to 
that  for  the  previous  model,  about  one  percent. 
Several  differences  are  apparent  between  the  origi¬ 
nal  and  modified  theory. 

Firstly,  the  intensity  does  not  recover  after  the 
cessation  of  growth  for  the  original  model  since 
the  diatomic  islands  are  not  allowed  to  decay.  The 
recovery  profile  for  the  modified  theory,  on  the 
other  hand,  compares  qualitatively  well  to  mea¬ 
surements  (12).  Recovery  is  swifter  at  lower  a 
(high  temperature)  and  proceeds  from  an  initial 
decrease  of  single  adatom  concentration  due  to 
incorporation  at  steps  and  nucleation.  and  a  slower 
decay  of  the  islands  themselves. 

Secondly,  we  note  that  oscillations  appear  more 
quickly  with  increasing  o  when  a  greater  degree  of 
nucleation  is  included.  Fig.  4  shows  the  total  num¬ 
ber  of  atoms  in  each  type  of  surface  species  at 
steady  state  for  two  different  a  corresponding  to  a 
step  flow  regime  and  to  an  island-formation 
dominated  regime.  At  a  =  0.1  it  is  clear  that  at 
least  10-atom  islands  must  be  included;  for  lower 
temperature  it  will  be  neces.sary  to  include  terms 
for  coalescence  of  islands,  and  other  models  for 
deposition  on  flat  surfaces  are  probably  more 
appropriate.  However,  at  step  flow  a  =  0.(K)14,  the 
total  concentration  of  material  on  the  terrace  is 
very  small,  and  formation  of  triatomic  islands  or 
higher  only  counts  for  a  small  percentage  of  the 


123456789  10 
j,  atoms  in  island 

Fig.  4.  Number  of  atoms  in  each  species  on  the  terraces, 
as  a  function  of  a  for  /S  =  324.  Efi/Ea^O.2  eV, 
J  —  \  ML/S.  and  n^/rti)  =  0.25  in  the  modified  theory  (4). 
Note  the  difference  in  scale. 


total  material  on  the  terrace.  This  confirms  the 
assumption  of  our  original  theory,  that  near  step 
flow  inclusion  of  only  diatomic  islands  is  suffi¬ 
cient. 

Although  qualitatively  superior  to  our  original 
model,  the  increase  in  the  number  of  parameters 
in  the  modified  theory  means  an  inevitable  loss  of 
predictive  power.  From  the  success  of  the  original 
model  in  predicting  for  simulations  and  mea¬ 
surements  of  MBE  growth  [9],  it  was  apparent 
that  at  least  for  determining  the  dependence  of 
on  the  growth  conditions,  detachment  of  atoms 
from  islands  balanced  with  detachment  from  the 
step  and  could  be  ignored  to  a  first  approxima¬ 
tion.  In  this  paper  we  attempt  to  explicitly  include 
kinetics  at  the  step  edge.  Since  the  model  is  one- 
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dimensional,  we  are  however  decoupling  growth 
along  the  step  train  from  fluctuations  along  the 
step  edge,  which  STM  images  have  shown  can  be 
quite  large  [16],  The  step  kinetic  parameters 
and  vary  in  a  complicated  way  with  growth 
conditions  through  the  roughness  of  the  step, 
which  is  not  treated  explicitly  in  our  model.  For 
example,  we  have  assumed  that  a/„/«o  is  a  con¬ 
stant  for  all  growth  conditions  when  in  reality  it 
will  depend  on  the  morphology  of  the  step  edge. 
We  plan  to  incorporate  the  v-dimension  into  our 
growth  equations  in  the  future  so  that  the  effects 
of  step-edge  fluctuations  may  be  treated  more 
exactly. 

4.  Conclusions 

The  inclu.sion  of  adatom  interactions  in  BCF 
theory  is  shown  to  provide  a  realistic  model  of 
MBE  on  stepped  surfaces  over  a  wide  range  of 
growth  conditions.  The  nonlinear  theory  repro¬ 
duces  the  full  time-dependent  behavior  of  RHEED 
measurements  of  MriE  during  growth  on  stepped 
surfaces,  including  intensity  oscillations,  decay, 
and  dependence  on  the  growth  conditions.  Here, 
we  have  shown  that  recovery  of  the  stepped  surface 
as  well  as  growth  can  be  modeled  by  including 
break-up  of  atoms  from  the  islands  and  the  step 
edge.  Additionally  we  have  extended  the  applica¬ 
bility  of  the  original  model  (with  diatomic  nuclea- 
tion  only)  further  away  from  step  flow  by  includ¬ 
ing  the  formation  of  islands  with  an  increasing 
number  of  atoms  in  the  equation.  It  is  also  possi¬ 
ble  to  extend  the  theory  to  model  growth  of  .semi¬ 
conductor  alloys  or  quantum  wires  by  explicitly 
including  two  or  more  diffusing  species  [17).  In 
conclu.sion.  the  nonlinear  diffusion  model  prtv 
sides  a  fairly  complete  picture  of  MBE  on  vicinal 


surfaces,  within  the  intrinsic  limitations  of  the 
assumption  of  one-dimensionality  of  the  step  train. 
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Surface  diffusion  of  A1  and  Ga  atoms  on  GaAs  (001)  and  (lll)B 
vicinal  surfaces  in  molecular  beam  epitaxy 
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We  have  measured  the  critical  temperature  where  the  growth  mode  transition  between  step-flow  and  2D  nucleation  takes  place  by 
RHEED  measurements  during  the  molecular  beam  epitaxial  growth  of  GaAs  and  AlAs  on  (001)  and  (lll)B  GaAs  vicinal  surfaces. 
Combining  the  experimental  results  with  our  theory  and  taking  into  account  the  surface  diffusion  and  supersaturation  ratio  of 
adatoms  on  the  terraces,  the  intrinsic  surface  diffusion  length  A,  of  Al  and  Ga  atoms  is  estimated  on  both  (001 )  and  ( 1 1 1  )B  GaAs 
vicinal  surfaces  with  various  misorientation  directions. 


1.  Introduction 

There  has  been  much  interest  in  the  growth  on 
vicinal  surfaces  which  are  slightly  misoriented  from 
a  particular  low  index  plane,  not  only  because  it  is 
useful  to  study  the  elemental  growth  process  of 
molecular  beam  epitaxy  (MBE)  [1-4]  and  metal- 
organic  chemical  vapor  deposition  (MOCVD).  but 
also  because  planar  superlattices  (PSLs)  and 
quantum  wires  can  be  formed  by  depositing  f- 
tional  monolayers  (MLs)  of  GaAs  and  AlAs  altei- 
nately  on  the  vicinal  substrate  [5-11].  For  imple¬ 
menting  these  novel  structures  as  intended,  one 
must  understand  the  elemental  growth  processes 
on  vicinal  surfaces. 

Although  it  was  pointed  out  that  surface  diffu¬ 
sion  is  one  of  the  most  important  growth  processes 
in  MBE  [2],  very  little  is  known  about  the  atomic 
details  of  surface  diffusion  and  various  phy.sical 
parameters  characterizing  the  process  such  as  dif¬ 
fusion  length,  residence  time,  activation  energy 
and  so  on.  In  this  paper,  we  study  theoretically 
and  experimentally  the  surface  diffu.sion  process 
in  MBE  growth  of  GaAs  and  AlAs  on  both  (001) 
and  (lll)B  GaAs  vicinal  surfaces. 

2.  Theoretical  model 

Previously,  Neave  et  al.  [1]  tried  to  determine 
the  diffusion  coefficient  D,  of  Ga  atoms  by  mea¬ 


suring  the  critical  temperature  of  the  ap¬ 
pearance  or  disappearance  of  RHEED  oscilla¬ 
tions.  They  assumed  that  at  7,.  the  diffusion  length 
A  ( =  ^  At  )  took  the  same  value  as  the  interstep 
distance  A,,  on  vicinal  surfaces,  where  they  took  t 
as  the  time  for  monolayer  growth.  However,  in  the 
sense  of  their  measurements,  t  should  be  the 
average  time  for  two-dimensional  (2D) 

nucleation  to  occur,  which  is  much  smaller  than 
the  time  for  monolayer  growth.  Thus  the  diffusion 
length  A  (=  ;ATnut)  ^  function  of  the  surface 
step  density. 

Unlike  the  oversimplified  analysis  of  Neave  et 
al.  [Ij.  the  principal  idea  of  our  theory  [2.3]  is  that 
the  the  growth  mode  transition  between  step-flow 
and  2D  nucleation  occurs  when  the  surface  super¬ 
saturation  on  the  terrace  becomes  equal  to  the 
critical  supersaturation  for  2D  nucleation.  Here 
we  apply  this  theory  to  the  estimation  of  intrinsic 
diffusion  length  A.  of  Al  and  Ga  atoms  on  various 
vicinal  surfaces. 

We  assume  that  when  the  growth  mode  is  by 
step-flow,  the  step  acts  as  a  uniform  sink  for  the 
diffusion  of  adatoms  and  that  there  is  no  other 
sink  of  adatoms.  It  is  also  assumed  that  the  den- 
■sity  of  adatoms  on  the  surface  n.  takes  the  value 
of  equilibrium  density  of  adatoms  at  the  step 
edges  and  that  GaAs  or  AlAs  grows  macro.scopi- 
cally  with  stoichiometric  composition.  Since  chem¬ 
ical  equilibrium  is  assumed  at  the  step  edges,  the 
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following  equation  is  realized  between  column  III 
atoms  (Ga  or  Al)  and  column  V  molecules  (AS4) 
during  the  step-flow  growth; 

^  _ 

0) 


and  thus  the  following  equation  is  derived  from 
eqs.  (2)  and  (3): 


4X' 


HI 


tanh 
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III 
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(  ®cril  ^ ) 


^4 


1/2  • 
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where  t,  is  the  mean  resident  time,  m  is  the  mass 
of  adatoms,  k  and  are  Boltzmann’s  constant 
and  substrate  tempierature,  and  ^.4  is  the  equi¬ 
librium  constant  for  the  reaction  given  by  Ga(Al) 
+  4  AS4  5=^  GaAs(AlAs).  Here,  the  mass  action  law 
was  employed  for  the  GaAs  (AlAs)  crystal  and 
gaseous  Ga(AI)  and  AS4.  The  value  of  is 
derived  from  the  recent  results  of  Seki  and  Koukitu 
[12].  While  eq.  (1)  is  true  for  step-flow  growth,  the 
following  equation  is  satisfied  when  2D  nucleation 
begins  to  ap^.ear: 

HI  v  I  Qirha-  \  . 

«max«max  «cm  (65  -  In  lO'^  )k  ^7,*  )  ' 


Here  we  assume  that  disk-shaped  2D  nucleation 
occurs  once  a  second  per  10  nm^.  Q  is  the  atomic 
volume,  h  is  the  height  of  the  disk,  a  is  the 
surface  free  energy  whose  value  we  tentatively 
choose  as  Hq  X  0.70  eV  for  GaAs  and  X  0.86  eV 
for  AlAs.  where  Oq  is  the  density  of  lattice  sites 
and  0.70  eV  (0.86  eV)  is  half  the  bond  energy  of 
GaAs  (AlAs).  a  is  the  supersaturation  ratio,  and 
its  maximum  value  given  by 
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where  t  is  the  time  of  monolayer  growth,  A„  is 
the  average  terrace  width,  and  A,  is  the  surface 
diffusion  length. 

At  the  critical  temperature  where  the  growth 
mode  transition  between  step-flow  to  2D  nuclea¬ 
tion  takes  place,  both  eq.  (1)  and  eq.  (2)  arc 
satisfied  simultaneously.  When  the  flux  of  AS4  is 
much  higher  than  that  of  Ga  (or  Al),  the  super¬ 
saturation  ratio  of  As  is  nearly  equal  to  unity  (2). 


where  is  the  vapor  pressure  of  AS4  at  equi¬ 
librium  and  is  assumed  to  be  equal  to  the  incident 
flux  of  AS4. 


3.  Experimental  results  and  estimation  of  intrinsic 
surface  diffusion  length  on  (001)  and  (lll)B 
surfaces 

To  determine  the  critical  growth  parameters  in 
eq.  (5).  we  measured  them  where  the  RHEED 
oscillation  begins  to  appear  or  disappear  on  vari¬ 
ous  vicinal  surfaces.  GaAs  misoriented  substrates 
which  are  slightly  (l“-2°)  tilted  from  the  (001) 
plane  towards  [110]  (we  denote  here  (001)  “A” 
surface),  and  towards  [110]  ((001)  “B”  surface), 
and  1°  tilted  from  the  (111 )B  plane  towards  [ToO], 
[110]  and  [OTl]  are  used.  MBE  growth  was  carried 
out  mainly  by  ULVAC  MBC-508.  After  removing 
the  native  oxide  by  heating  the  substrates  up  to 
600  °  C  under  the  incident  AS4  flux,  a  GaAs  buffer 
layer  of  30(X)  A  was  grown  at  600  °  C  and  then  the 
growth  was  interrupted  for  2  min  to  make  the 
surface  atomically  smooth.  The  V/lIl  flux  ratio 
(As4/Ga  and  AS4/AI)  was  maintained  at  2.0-2.5 
for  the  growth  of  both  GaAs  and  AlAs.  The 
growth  rate  was  varied  from  0.1  to  1.0  /xm/h.  An 
electron  beam  with  an  acceleration  voltage  of  20 
kV  was  used  in  the  RHEED  and  the  specular 
beam  intensity  was  measured  at  the  orthogonal 
azimuth  to  the  misorientation  direction.  In  each 
experimental  run,  after  a  GaAs  layer  of  more  than 
100  A  was  grown  under  the  step-flow  conditions 
and  the  growth  was  interrupted  for  2  min,  GaAs 
or  AlAs  was  grown  on  GaAs. 

While  the  details  of  the  RHEED  patterns  which 
show  splittings  of  integral  order  beams  and  their 
dependence  on  the  growth  conditions  were  re¬ 
ported  elsewhere  [13],  here  we  focus  on  the 
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RHEED  intensity  oscillations  with  the  incident 
electron  beam  parallel  to  the  step  edges,  and  mea¬ 
sure  the  critical  temperature  for  mode  transition 
under  various  growth  conditions.  The  results 
showed  that:  (1)  increases  as  the  off-angle 
decreases  (average  terrace  width  increases);  (2) 
increases  as  the  incident  column  HI  atoms  (growth 
rate)  increase;  (3)  on  the  (001)  “A”  surface  is 
higher  than  that  on  the  (001)  “B”  surface;  (4)  7^. 
on  the  (001)  surface  is  higher  than  that  on  the 
(lll)B  surface;  (5)  of  AlAs  is  higher  than  that 
of  GaAs;  (6)  little  difference  was  found  between 
different  directions  of  misorientation  on  (lll)B. 

First,  the  surface  diffusion  lengths  of  Ga  and 
Al  atoms  on  (001)  GaAs  vicinal  “A”  surface  and 
“B”  surface  are  calculated  by  eq.  (5)  and  plotted 
in  figs,  la  and  lb.  Theoretically,  the  diffusion 
length  of  III  atoms  is  given  by 

\,  =  u  exp( 5/2/c rj,  (6) 

where  a  ( =  4.0  A)  is  the  jump  distance,  Q  = 

and  and  ^diff  are  the  activation 
energies  for  desorption  and  surface  diffusion,  re¬ 
spectively.  Fitting  this  equation  with  the  experi¬ 
mental  data,  we  can  estimate  the  value  of  Q/1  as 
0.69  eV  for  Al  and  0.37  eV  for  Ga  on  the  “A” 
surface,  and  0.74  eV  for  Al  and  0.43  eV  for  Ga  on 
the  “B"  surface.  In  all  cases.  A,,  increases  with  the 


decrease  of  temperature,  indicating  that  the  de¬ 
sorption  energy  is  larger  than  the  diffusion  energy, 
and  therefore,  with  the  decrease  of  temperature, 
the  residence  time  becomes  large  so  that  the  atoms 
can  migrate  a  long  way  on  the  surface  if  there  are 
no  steps  and  kinks.  These  results  also  indicate  that 
the  surface  diffusion  length  of  Al  is  much 
larger  than  that  of  Ga.  This  is  because  AlAs  has  a 
larger  bond  energy  than  GaAs  and  is  more  dif¬ 
ficult  to  reevaporate.  Note  here  that  A^  is  the 
average  diffusion  length  during  the  resident  time 
Tj  on  the  surface  without  steps  and  kinks,  and 
hence,  is  intrinsic  to  the  material,  depending  on 
temperature. 

In  the  present  model,  it  is  assumed  that  chem¬ 
ical  equilibrium  is  established  at  the  steps  on  each 
“A”  and  “B”  surface.  We  have  to  consider,  how¬ 
ever,  the  possibility  that  the  step-edge  structure  is 
different  between  the  “A”  surface  and  the  “B” 
surface,  as  we  discussed  in  previous  papers  [3.14], 
Studies  on  the  step  structures  and  their  depen¬ 
dence  on  the  growth  conditions  are  in  progress. 

Next,  we  have  performed  the  same  experiments 
on  (lll)B  vicinal  surfaces.  Figs.  2a  and  2b  show 
typical  data  of  RHEED  specular  beam  intensity 
when  we  grow  (a)  GaAs  and  (b)  AlAs  on  GaAs 
(lll)B  vicinal  sinfaces  with  an  off-angle  of  1° 
lilted  towards  [110].  The  behaviour  of  RHEED 


Fig,  1.  Surface  diffu-sion  length  of  Al  (•)  and  Ga  (o)  on  GaAs  vicinal  surface  misoriented  from  (001)  towards  (a)  [110]  (“A"  surface) 

and  (b)lTl0|  ("B”  surface). 
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TIME  (lOs/div)  TIME  (lOs/div) 

Fig.  2.  Typical  data  sets  of  time  evolution  of  RHEED  specular 
beam  intensity  during  the  growth  of  (a)  GaAs  and  (b)  AlAs  on 
GaAs  vicinal  surfaces  misoriented  from  (11 1)B  towards  {liO). 


RHEED  intensity  increases  rapidly,  and  then  de¬ 
creases  and  oscillates  with  the  rapid  decay  of 
amplitude.  The  most  striking  difference  from  the 
(001)  surface  is  the  much  lower  critical  tempera¬ 
ture  in  both  GaAs  and  AlAs.  This  means  that  2D 
nucleation  is  more  difficult  on  the  (lll)B  surface 
than  on  the  (001)  surface. 

By  using  the  measured  critical  growth  condi¬ 
tions  and  eq.  (5),  we  plotted  in  fig.  3  the  surface 
diffusion  length  of  Ga  and  Al  atoms  on  various 
(lll)B_wcinal  surfaces  tilted  towards  [100],  [iTO] 
and  [011].  Xj  is  estimated  to  be  much  larger  than 
that  on  (001),  and  in  contrast  to  the  (001)  surface, 
there  is  little  dependence  on  misorientation  direc¬ 
tion  both  for  GaAs  and  for  AlAs.  By  fitting  eq.  (6) 
with  the  experimental  data,  we  estimate  the  value 
of  Q/2  as  0.87  eV  for  Al  and  0.63  eV  for  Ga  on 
the  GaAs  (lll)B  surface. 


specular  beam  intensities  on  (111 )B  is  qualitatively 
similar  to  that  on  (001).  The  critical  temperature 
of  AlAs  is  higher  than  that  of  GaAs.  For  GaAs. 
RHEED  oscillations  can  be  seen  under  the  As 
stabilized  (2x2)  region  near  the  transition  region 
between  (/l9  x  /l9 )  and  (2  x  2).  Initially,  the 


1  20  1-25  1.30  1  35 


1000/t(k) 

Fig.  3.  Surface  diffusion  length  of  Al  (•.a)  and  Ga  ( o.  o)  on 
GaA.s  vicinal  .surfaces  misoriented  from  (lll)B  towards  (T00|. 


4.  Conclusions 

We  have  measured  the  critical  temperature 
where  the  growth  mode  transition  takes  place  by 
RHEED  during  the  growth  of  GaAs  and  AL\s  on 
GaAs  (001)  and  (lll)B  ticinal  surfaces.  Combin¬ 
ing  the  experimental  results  with  our  theory  and 
taking  into  account  the  surface  diffusion  and  su¬ 
persaturation  ratio  of  adatoms  on  the  terraces,  the 
intrinsic  surface  diffusion  length  X^  of  Al  and  Ga 
atoms  is  estimated  on  both  (001)  and  (lll)B  GaAs 
vicinal  atoms  surfaces  with  various  misorientation 
directions.  The  main  conclusions  are: 

(1)  Xj  increases  as  the  temperature  decreases  due 
to  the  increase  of  t,. 

(2)  X,  of  Al  is  larger  than  X,  of  Ga  because  Al 
atoms  are  more  difficult  to  reevaporate  than  Ga 
atoms. 

(3)  X,,  on  (lll)B  is  a  little  larger  than  that  on 
(001). 

(4)  From  the  temperature  dependence  of  X„  de¬ 
rived  from  our  experiments  and  theory,  the  value 
of  -  fjiiff  was  estimated. 
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Surface  diffusion  and  atom  incorporation  kinetics 
in  MBE  of  InGaAs  and  AlGaAs 

T.  Suzuki  and  T.  Nishinaga 

Department  of  Electronic  Engineering.  Faculty  of  Engineering,  The  University  of  Tokyo,  7-S~I  Hongo,  Bunkyo-ku,  Tokyo  113,  Japan 


We  have  developed  a  theory  to  obtain  the  surface  flux  of  growing  species  in  MBE.  taking  account  of  step  kinematics  as  well  as 
surface  diffusion.  This  treatment  makes  it  possible  to  understand  the  elemental  growth  process  in  MBE  of  UI-V  alloys.  The  MBE 
experiments  are  carried  out  and  the  solid  composition  of  InGaAs  and  AlGaAs  is  measured  for  the  different  faces  with  a  different  off 
angle.  Theory  shows  qualitatively  a  good  agreement  with  the  present  experiments  suggesting  that  the  role  of  step  kinetics  is  important 
in  controlling  the  alloy  composition. 


1.  Introduction 

Many  efforts  to  obtain  surface  diffusion  length 
or  surface  diffusion  coefficient  have  been  made  to 
account  for  the  growth  mechanism  of  MBE  in 
which  surface  smoothness  is  accomplished  with 
the  insensitivity  of  the  growth  rate  to  the  tempera¬ 
ture  and  the  substrate  orientation  (I,2J.  In  the 
usual  growth  of  III-V  MBE  where  reevaporation 
can  be  neglected,  the  surface  incorporation  length 
of  the  group  III  element,  which  is  defined  as  the 
distance  from  the  adsorption  on  the  surface  to  the 
incorporation  into  the  crysta'  is  the  most  im¬ 
portant  to  understand  the  growth  mechanism,  but 
it  is  a  complicated  function  of  many  kinds  of 
growth  parameters,  for  example,  step  density,  step 
orientation,  growth  temperature,  arsenic  pressure 
and  so  on.  In  this  situation,  in  some  cases  the 
incorporation  of  the  diffu.sing  atoms  into  the  steps 
becomes  the  main  rate  determining  process,  and 
the  surface  diffusion  might  play  a  minor  role. 

In  this  paper,  we  propose  a  growth  model  in 
which  step  kinetics  plays  an  important  role  in 
addition  to  the  surface  diffusion.  Then  experimen¬ 
tal  results  for  the  growth  of  InGaAs  and  AlGaAs 
on  the  substrates  with  a  different  off-angle  are 
shown  and  explained  by  the  present  model  in 
which  step  kinetics  is  taken  into  account. 


2.  Theoretical  consideration 

Fig.  1  illustrates  schematically  the  model  of  the 
present  theory.  An  equi-distance  step  train  on  a 
vicinal  surface  is  assumed.  Therefore,  the  problem 
can  be  treated  as  one-dimensional.  According  to 
BCF  theory  [3],  one  obtains  the  surface  flux  inci¬ 
dent  to  the  step  edges  7''(^i)/2)  as  [4,5] 


Fig.  1.  Schematic  illustration  of  the  present  model  with  distri¬ 
bution  of  surface  diffusion  adatoms.  An  equi-distance  step 
train  is  postulated. 
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where  X,.  J'"  and  %  are  the  concentration 
of  adatoms  at  the  steps,  the  surface  diffusion 
length,  the  flux  incident  to  the  growing  surface 
and  the  resident  time  of  adatoms,  respectively. 
Here  it  is  important  to  mention  that  this  expres¬ 
sion  contains  the  surface  diffusion  length  which  is 
defined  as  where  is  the  diffusion 

coefficient  and  plays  a  major  role  in  the  BCF 
theory.  However,  under  the  usual  MBE  condi¬ 
tions.  and  even  if  the  reevaporation  cannot  be 
neglected  at  rather  high  growth  temperature,  the 
residence  time  of  the  adatoms  is  longer  than  the 
time  for  diffusing  atoms  to  reach  the  step  edge. 
Then  we  can  postulate  X^ »  X„  and  obtain  the 
more  simple  form 


It  is  important  to  mention  that  in  the  limit  of 
T^.  =  0.  where  the  microscopic  process  is  neglected, 
eq.  (4)  expresses  the  macro-equilibrium  between 
vapor- solid  phase  calculated  by  thermodynamic 
technique  [8,9].  In  this  treatment,  t,,  is  defined  for 
a  step,  which  allows  us  to  employ  a  one-dimen¬ 
sional  model.  In  the  actual  case,  t^.  depends  on  the 
kink  density,  the  step  shape,  the  surface  recon¬ 
struction,  etc.  Hence,  if  we  know  in  detail  as  a 
function  of  various  growth  parameters,  we  can  get 
the  information  about  the  growth  mechanism  of 
MBE. 


3.  Experimental  results 


Next,  we  define  the  concentration  at  the  step 
edges,  There  are  experiments  where  we  must 
assume  that  adatoms  can  diffuse  as  far  as  1  /im 
[6].  This  means  that  all  the  surface  atoms  entering 
the  step  are  not  always  incorporated  into  the 
crystal,  but  many  are  reflected  back  or  pass  over 
the  steps.  To  include  this  process,  we  introduce  a 
relaxation  time  7,^  [7],  the  inverse  of  which  is  the 
probability  per  unit  time  for  adatoms  within  a 
jump  distance  to  be  incorporated  into  the  step  and 
so  far  neglected  in  our  previous  treatments  [5], 
The  flux  into  the  step  from  one  side  on  the 
surface  is  determined  by  the  average  number  of 
adatoms  within  an  elemental  surface  jump  dis¬ 
tance  a.  Since  is  the  number  of  adatoms  per 
unit  surface  adjacent  to  the  step,  n.iepO  is  the 
number  per  unit  step  length  and  n^^^pa/T^^  is  the 
number  per  unit  step  length  per  time  going  to  the 
step  from  that  side.  On  the  other  hand,  the  flux 
leaving  the  step  is  where  n'  is  the  equi¬ 

librium  concentration  of  adatoms.  Then  the  net 
flux  incorporated  to  the  steps  is  given  by 


From  eqs.  (2)  and  (3),  can  be  calculated  and 
eq.  (2)  leads  to 


J 


J'" 


r-M  1  Aq 

T,  /  1  +  X„Tk/2aT,  2  ■ 


(4) 


GaAs(lOO)  substrates  with  different  misorienta- 
tion,  nominal  (100)  (  <  0.5°  ).  2°,  5°  off  to  (lll)B 
and  2°  off  to  (lll)A  and  nominal  (lll)B  (  <  0.1°  ) 
were  degreased  and  after  chemical  etching,  they 
were  mounted  with  indium  on  the  same  Mo  block. 
After  removal  of  the  native  oxide  by  heating  up  to 
620  °C  under  incident  As^  flux.  GaAs  buffer  layer 
more  than  3000A  was  grown  at  580  °C.  Then  the 
substrate  temperature  was  set  at  the  temperature 
higher  than  the  normal  growth  temperature  for 
IIl-V  alloys. 

In  the  case  of  InGaAs.  the  growth  conditions 
are  chosen  such  that  tlie  flux  ratio  fin/Foa 
0.49/0.51,  and  the  growth  rate  and  the  thickness 
of  the  layer  are  nominally  about  0.7  jam/h  and  1.4 
Jim.  respectively.  The  growth  thickness  is  much 
larger  than  the  so-called  critical  thickness  for  the 
strain  relaxation,  hence  one  can  neglect  the  effect 
of  lattice  strain  in  the  following  analysis.  After  the 
growth,  the  concentration  of  the  In  was  de¬ 
termined  by  X-ray  diffraction.  For  the  growth  of 
AlGaAs.  the  incident  flux  ratio  f\i/^cia  chosen 
as  0.133/0.867;  the  growth  rate  of  1.0  jim/h  and 
the  thickness  of  layer  of  1.0  jim  are  nominally 
employed.  After  the  growth,  the  concentration  of 
A1  was  estimated  bv  photoluminescence  (PL)  at  77 
K.. 

It  is  difficult  to  reproduce  the  substrate  temper¬ 
ature  accurately  in  many  growth  sequences.  There¬ 
fore.  the  following  method  has  been  used  to 
calibrate  the  growth  temperature.  Curve  (1)  in  fig. 
2a  shows  the  dependence  of  the  concentration  of 
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In  on  the  growth  temperature  obtained  from  the 
periods  of  RHEED  specular  intensity  oscillations 
in  the  growth  of  InjGa,_^As  (jc  =  0.18)  on  a 
GaAs(100)  substrate.  With  this  curve,  it  is  possible 
to  get  curve  (2)  for  x  =  0.49  with  the  thermody¬ 
namic  theory  [8],  and  experimental  results  of  In¬ 
GaAs  on  GaAs(100)  substrate  were  fitted  to  this 
curve  (2).  In  this  way,  the  true  temperature  for  the 
set  of  substrates  on  one  Mo  block  was  determined. 
In  the  case  of  AlGaAs.  the  data  of  GaAs(lOO)  are 
calculated  by  the  thermodynamic  theory  with  the 
parameter  fitted  to  experimental  conditions  and 
the  true  temperature  for  the  set  of  substrates  was 
determined  with  the  same  technique  employed  for 
InGaAs.  Figs.  2a  and  2b  show  the  experimental 
results  for  InGa.As  and  AlGaAs,  respectively,  after 
the  calibration.  The  concentration  of  In  and  Ga 
respectively  in  InGaAs  and  AlGaAs  decreases 
rapidly  with  increasing  growth  temperature  be¬ 
cause  of  the  reevaporation  of  In  and  Ga,  respec¬ 
tively.  In  the  growth  of  InGaAs,  however,  the  In 
concentration  has  a  large  orientational  depen¬ 
dence  which  cannot  be  explained  by  thermody¬ 
namic  theory  and  the  following  relationship  is 
found  in  this  experiment.  Increasing  the  off-angle 
at  the  same  off-axis,  the  concentration  of  In  be¬ 
comes  higher,  and  at  the  same  off-angle  (2°  off) 


the  concentration  of  In  is  higher  for  the  substrate 
misoriented  off  to  (lll)B  than  off  to  (lll)A.  On 
the  other  hand,  the  Ga  concentration  in  AlGaAs 
shows  no  orientation  dependence  at  all. 


4.  Discussion 


To  understand  these  two  results  of  great  con¬ 
trast,  we  use  eq.  (4)  to  determine  the  alloy  com¬ 
position  dependence  on  the  growth  temperature. 
In  the  ca.se  of  InGaAs,  In  atom  reevaporates  pref¬ 
erentially  and  the  reevaporation  of  Ga  atom  can 
be  neglected.  Then  from  eq.  (4)  one  gets  the 
concentration  .r  in  In,Ga,_  ,As  as 


X 


•'ll! 


’sin 


1  -H  , 


/in  _ 

•'In 


1 


1  -I-  Wt 


(5) 


with 


‘'>ln  = 


^0‘’'kln 

^^’sln 


(6) 


where  the  subscripts  mean  the  values  for  each 
atom.  From  eq.  (5)  it  is  shown  that  as  the  step 


Fig.  2.  Substrate  temperature  and  orientation  dependence  of  (a)  InGaAs  and  (b)  AlGaAs.  Curve  (1)  in  (a)  shows  the  experimental 
results  on  In  concentration  versus  substrate  temperature  obtained  by  RHEED  intensity  oscillations  and  curve  (2)  shows  the 
composition  for  x  =  0.49  after  calibration.  The  shaded  portion  in  (b)  shows  the  range  of  the  experimental  error  which  comes  mainly 
from  the  nonuniformity  among  the  substrate  temperatures  on  the  same  Mo  block  ( ±  2.5  ®C). 
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Fig.  ?.  ’■un/  ’Vrn  versus  growth  temperature  in  the  InGaAs 
obtained  from  the  experimental  results  with  the  substrates  of 
GaAs  (100)  2°.  5°  off  to  (111>B.  The  experimental  error  bar 
corresponds  to  the  nonuniformity  among  the  substrate  temper¬ 
ature  and  the  activation  energy  was  found  to  be  5.3 ±0.8  eV. 

(distance  is  increased  at  the  same  substrate  temper¬ 
ature.  the  concentration  of  In  is  decreased  and 
that  as  the  growth  temperature  increases,  which 
corresponds  to  decreasing  the  residence  time  t,. 
the  step  kinetics  which  is  expressed  by  plays  a 
more  important  role  in  determining  the  alloy  com¬ 
position.  Hence,  from  the  alloy  composition  which 
contains  the  combined  process  of  the  reevapora¬ 
tion  and  the  incorporation,  the  ratio  Tgin/T^in  c**” 
be  calculated  from  the  experimental  data  and  is 
shown  in  fig.  3  where  T®n  means  the  value  for 
(IIl)B  off  surface.  The  activation  energy  of 
FifinAsin  found  as  5.3  ±  0.8  eV  which  contains 
the  desorption  energy  of  In  and  the  step  incorpo¬ 
ration  energy.  Since  depends  on  the  structure 
of  the  step,  T|f|„  for  the  surface  off  to  (lll)A  is 
not  necessarily  equal  to  T®,n.  Actually,  T|^„  is 
found  to  be  larger  than  7®,^  qualitatively. 

Since  the  reevaporation  of  A1  can  be  neglected 
for  AlGaAs.  we  can  get  the  composition  of  Al- 
GaAs  like  eq.  (5)  on  analogy  of  InGaAs.  However, 
in  the  case  of  AIGaAs,  the  experimental  results 
show  no  dependence  of  Ga  concentration  on  the 
off-angle  or  on  the  crystal  orientation.  There  are 
two  ways  to  explain  these  phenomena  as  follows: 

(1)  The  number  of  steps  on  the  surface  may 


become  infinitely  large  since  the  presence  of  A1 
might  produce  a  large  number  of  2D  or  3D 
nucleations.  Once  this  happens,  Xq  becomes  nearly 
zero  and  we  get 


-i.  v'' 

«a  A, 

for  AljjGa,  ^As.  Eq.  (7)  takes  the  same  expres¬ 
sion  as  the  one  which  the  thermodynamic  theory 
gives  and  it  shows  no  dependence  on  the  orienta¬ 
tion,  in  agreement  with  the  experimental  results. 

(2)  It  can  be  assumed  that  although  the  growth 
occurs  in  the  step  flow  mode,  the  growth  reaction 
at  the  front  becomes  much  more  closer  to  equi¬ 
librium  than  the  case  of  InGaAs.  Then  we  can 
assume  and  we  get  the  same  form  as 

eq.  (7).  In  this  situation  the  main  point  of  great 
contrast  between  InGaAs  and  AIGaAs  exists  in 
the  difference  in  incorporation  kinetics  of  In  and 
Ga  at  the  steps,  respectively.  It  means  that  the  In 
atom  is  difficult  to  be  incorporated  into  the  crystal 
(steps)  and  it  passes  over  or  is  reflected  back  at 
the  step  edges  more  frequently  than  Ga  in  the 
growth  of  AIGaAs.  In  other  words,  the  difference 
exists  in  the  degree  of  equilibrium  established  at 
the  step  edge,  namely.  Ga  in  AIGaAs  is  expected 
to  be  much  closer  to  equilibrium  than  In  in  In¬ 
GaAs.  Up  to  now.  it  is  difficult  to  conclude  which 
explanation  is  correct. 

5.  Conclusions 

A  theory  is  developed  to  understand  the  growth 
of  Ill-V  alloys  taking  account  of  the  step  kinetics 
in  addition  to  the  surface  diffusion.  MBE  experi¬ 
ments  have  revealed  that  the  solid  composition  of 
InGaAs  and  AIGaAs  grown  at  higher  temperature 
shows  a  great  contrast,  in  such  a  way  that  the 
former  depends  very  much  on  the  degrees  of  the 
off-angle  and  the  off-axis;  however,  the  latter  does 
not  depend  on  these  conditions  within  an  experi¬ 
mental  error.  This  clearly  indicates  that  the  step 
kinetics  plays  an  important  role  in  the  growth  of 
MBE.  The  different  behavior  in  the  solid  composi¬ 
tion  between  InGaAs  and  AIGaAs  has  been  ex¬ 
plained  by  using  the  present  model. 
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A  Monte  Carlo  model  is  used  to  simulate  the  MBF.  growth  of  the  As-stabilized  GaAs(001)2x4  surface  Atomistic  detail  of  the 
bilaser  growth  cycle,  derised  from  a  proposed  model  of  the  growth,  is  incorporated  in  a  phenomenological  manner.  Despite  the  large 
size  of  the  reconstructed  unit  cell,  this  approach  is  not  significantly  more  computationally-demanding  in  the  updating  of  rates  than 
simulations  sshich  neglect  the  reconstruction  and  the  atomistic  growth  mixfel  details.  Preliminary  results  indicate  that  the  inclusion  of 
these  additional  ingredients  in  the  simulation  produces  significant  differences  in  the  grown  surface.  Simulated  grow  th  of  the  2x4 
system  prixluces  surfaces  which  reproduce  features  reported  in  STM  .studies  of  the  real  surface. 


1.  Introduction 

Valuable  information  about  the  behavior  of 
atoms  at  semiconductor  cr>stal  surfaces  during 
MBE  growth  has  been  provided  by  a  number  of 
Monte  Carlo  (MC)  computer  simulations  (e.g.. 
refs.  [1.2]).  Reconstruction  of  the  surface  has  a 
significant  influence  upon  the  kinetics  of  surface 
atoms  and.  consequently,  upon  the  manner  in 
which  the  growth  prtx'eeds.  However,  reported 
MC  growth  simulations  which  incorporate  the  ef¬ 
fects  of  reconstruction  in  an  explicitly  atomistic 
fashion  have  been  limited  to  systems  having  small 
and  relatively  simple  reconstructed  surface  unit 
cells  (e.g..  Si((X)l)2  X  1  [2.3].  GaA.s(001)2  x  2  [4]). 
In  case  of  GaAs(001)2  x  2,  a  significant  increase 
was  found  in  the  roughness  of  the  growth  front  in 
a  simulation  in  which  the  effect  of  the  surface 
reconstruction  was  included,  compared  with  a 
simulation  which  neglected  the  reconstruction  [4]. 
MBE  growth  of  the  important  As-stabilized 
GaA.sfOOl  )2  x  4  .system  has  so  far  not  been  .simu¬ 
lated  using  a  MC  model  and  this  is  the  purpose  of 
the  pre.sent  work.  Our  model  is  a  MC  implementa¬ 
tion  of  the  model  proposed  by  Farrell  et  al.  [5] 
which  is  ba.sed  upon  a  consideration  of  steric  and 
electron-counting  constraints  imposed  on  the 
surface  atoms  during  growth.  The  MC  model  em¬ 


ploys  a  method  of  calculating  the  rates  of  surface 
kinetic  processes  which  avoids  the  computation- 
ally-intensive  task  of  searching  further  out  than 
second  nearest  neighbor  sites,  despite  the  large 
size  of  the  reconstructed  unit  cell.  We  will  first 
present  briefly  the  pertinent  features  of  the  pro¬ 
posed  growth  model.  An  account  of  the  computer 
model  and  details  of  the  way  in  which  the  growth 
model  is  formulated  within  a  MC  framework  will 
then  be  given.  Finally,  results  will  be  presented  of 
simulations  c>f  the  initial  stages  of  growth.  Com¬ 
parison  will  be  made  with  simulations  for  which 
the  effects  of  reconstruction  are  absent  and  the 
simulated  surface  will  be  compared  with  reported 
STM  observations  of  the  real  surface. 


7..  Proposed  growth  model 

The  model  of  Farrell  et  al.  describes  the  growth 
.sequence  of  a  2  x  4  unit  cell  in  the  As-stabilized 
system  from  a  flux  of  monatomic  Ga  and  an 
exce.ss  flux  of  As,,  both  of  which  provide  physi- 
sorbed  diffusing  species  on  the  surface  prior  to 
chemisorption.  The  initial  structure  of  the  2x4 
cell  in  the  presence  of  an  As  flux  but  in  the 
absence  of  a  Ga  flux  prior  to  the  start  of  growth 
comprises  a  three-quarter  coverage  of  As  in  the 
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form  of  As  dimers  in  the  “missing  row”  config¬ 
uration.  This  structure,  predicted  by  a  tight-bind¬ 
ing  total-energy  calculation  [6],  and  observed  using 
STM  [7,8],  consists  of  three  aligned  surface  As 
dimers  and  one  dimer  vacancy  per  unit  cell. 
Growth  begins  when  Ga  atoms  are  introduced 
onto  the  surface  and  become  a  monatomic  diffus¬ 
ing  species.  Space  forbids  a  complete  description 
of  the  growth  model  here,  but  the  model  pos¬ 
tulates  the  sequence  of  stable  intermediate  surface 
atom  configurations  occurring  during  the  bilayer 
growth  cycle,  starting  from  the  “missing  row” 
structure,  with  the  same  structure  being  recovered 
after  the  deposition  of  the  bilayer.  In  between 
these  stable  intermediate  structures,  the  surface  is 
expected  to  experience  various  short-lived,  excited 
configurations.  The  growth  model  also  explains 
how  the  c(2  X  8)  reconstruction  arises  from  the 
juxtaposition  of  two  neighboring  2x4  units 
aligned  along  the  [110]  direction  (the  direction  of 
their  4  x  periodicity)  but  having  an  antiphase 
boundary  in  the  [110]  direction  [7]. 

3.  The  MC  model 

The  MC  algorithm  governing  the  growth  simu¬ 
lalion  of  the  semiconductor  surface  is  the  fast 
MBE  growth  algorithm  of  Maksym  [9],  extended 
to  incorporate  surface  dimerization,  with  dimer 
reorientation  events  (“dimer  flips”)  [2]  also  in¬ 
cluded.  The  .surface  is  repre.sented  by  a  square  of 
n  X  n  sites  with  periodic  boundary  conditions.  The 
GaAs  tetrahedral  crystal  structure  is  explicitly 
accounted  for,  the  current  structure  (including  the 
reconstruction)  being  mapped  into  an  integer 
array.  Other  ingredients  of  the  model  are  clo.sely 
based  upon  reported  work  also.  The  As  is  assumed 
to  arrive  as  diatomic  ASj  from  a  physisorbed 
reservoir  and  to  dissociate  on  any  pair  of  second 
neighbor  sites  which  each  have  a  Ga  first  neighbor 
(9.I0J.  Diffusion  and  evaporation  events  of  single 
atoms  have  rates  calculated  from  interaction  en¬ 
ergies  derived  from  the  number  and  atom  kind  of 
all  first  and  .second  nearest  neighbor  atoms  sur¬ 
rounding  the  atom.  There  is  an  additional  energy 
term  present,  representing  the  additional  binding, 
if  the  given  atom  is  one  of  a  dimer  pair.  Finally. 


the  total  interaction  energy,  E^,  or  £^,  for  diffu¬ 
sion  or  evaporation  respectively,  is  multiplied  by  a 
phenomenological  factor  a  (0  <  a  <  1)  which  de¬ 
pends  upon  both  the  local  environment  of  the 
atom  and  the  current  stage  of  growth  in  the  unit 
ceU  occupied  by  the  atom.  The  factor  a  promotes 
the  correct  manner  of  growth.  The  inclusion  of 
this  factor  is  one  of  the  novel  parts  of  the  simula¬ 
tion  and  will  be  treated  in  greater  depth  below. 
Explicitly,  the  rates  for  diffusion,  h,  and  evapora¬ 
tion,  e,  respectively,  are  given  by  the  Arrhenius 
expressions 


/  \ 

„  aE,,  \ 

’("tt)- 

e  =  R,exp(-^) 

The  interaction  energies  and  the  prefactor  for 
diffusion  rates  are  derived  from  the  RHEED  o.scil- 
lation  measurements  of  Neave  et  al.  [11],  whilst 
the  parameters  for  evaporation  are  those  used  by 
Singh  and  Madhukar  [10]  (see  also  ref.  [12]).  The 
additional  contribution  to  the  energies  in  the  rate 
expressions  if  the  atom  is  dimerized  are  in  the 
range  0.5-0.6  eV  for  both  diffusion  and  evapora¬ 
tion  rates  and  for  both  As  and  Ga  dimers.  De¬ 
tailed  information  on  the  accuracy  of  these  values 
is  lacking,  but  they  are  satisfactory  in  reflecting 
the  increase  in  stability  caused  by  dimerization. 

Rates  for  dimer  reorientation  events  are  calcu¬ 
lated  in  a  way  similar  to  that  in  ref.  [2].  These 
events  are  important  as  they  allow  reordering  in 
intermediate  structures  during  the  growth  and 
maintain  coherence  between  neighboring  surface 
unit  cells.  The  flip  rate  is  given  by  the  Arrhenius 
expression. 

/=R,  exp(-£,/kr).  (2) 

Ef  is  given  by  £,  =  £j  -  mE^.  where  Lj  is  a 
constant  activation  energy  and  rn£  ,s  a  term 
describing  the  influence  on  the  flip  rate  of  the 
configuration  of  first  nearest  neighbor  dimers  in 
the  same  layer  and  of  the  .same  atom  type.  £,„  is  a 
constant  and  m  is  an  integer  having  a  value  in  the 
range  0-4.  depending  on  the  presence  and  orienta¬ 
tion  of  adjacent  dimer^.  The  main  result  of  this 
formulation  is  that  dimers  tend  to  arrange  them¬ 
selves  in  rows  rather  than  in  any  other  configura¬ 
tion  [2].  We  use  the  values  R,  =  10'"  s  £j  =  1.9 
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eV  and  =  0.2  eV  for  both  As  and  Ga  dimers. 
Again,  accurate  values  for  these  parameters  are 
difficult  to  estimate  [3],  but  these  values  are  close 
to  those  used  in  Si(001)2  X  1  simulations  [2,3]  and 
they  are  sufficiently  accurate  to  produce  satisfac¬ 
tory  dimer  reorientation  behavior  during  the 
simulated  growth. 

The  value  of  a  used  for  a  given  diffusion  or 
evaporation  rate  at  a  given  stage  of  the  growth  is 
the  key  to  ensuring  that  growth  follows,  at  least  in 
an  approximate  manner,  the  proposed  growth 
model.  Indeed,  the  use  of  the  phenomenological 
factor,  a,  avoids  the  necessity  of  having  to  update 
diffusion  and  evaporation  rates  by  searching  sites 
further  out  than  second  nearest  neighbors,  despite 
the  large  size  of  the  reconstructed  unit  cell.  Hence, 
the  procedure  is  of  comparable  computational 
speed  to  reported  simulations  employing  site 
searches  out  to  second  nearest  neighbor  displace¬ 
ments  (e.g.,  refs.  (1.2,9]). 

In  detail,  the  procedure  to  update  diffusion  and 
evaporation  rales  involves,  at  a  given  stage  of  the 
growth,  determining  the  position  of  the  atom 
within  the  2  X  4  unit  cell,  calculating  the  interac¬ 
tion  energy  by  searching  out  to  second  nearest 
neighbor  sites  and  then  multiplying  by  the  factor 
«  to  promote  (low  a)  or  suppress  (high  a)  a  given 
type  of  event.  The  relevant  value  of  a  varies  in 
accordance  with  the  location  of  the  atom  and  the 
current  stage  of  growth  within  the  growth  cycle. 
The  growth  stage  attained  in  a  given  unit  cell  is 
maintained  by  the  value  of  a  flag  in  each  unit  cell. 
Typical  values  of  a  are  a  =  1  if  an  atom  is  located 
at  a  stable  site  at  the  current  stage  of  the  growth 
cycle  and  a  =  0.2-0. 3  if  an  atom  is  resident  at  an 
unstable  site,  with  intermediate  values  also  used. 
The  effect  of  this  is  that  atoms  at  unstable  site.s.  as 
given  by  the  proposed  growth  model,  rapidly  dif¬ 
fuse  to  another  site  or  (more  rarely)  evaporate, 
whilst  atoms  occupying  stable  sites  remain  in  place 
and  may  be  considered  as  being  chemisorbed.  This 
provides  a  close  correspondence  to  the  behavior  of 
the  real  system,  the  physical  relevance  of  a  being 
to  reflect  the  degree  of  stability  in  an  atom’s 
(Kcupation  of  a  given  site  at  a  given  stage  of  the 
growth  cycle.  For  example,  the  value  of  a  for  an 
undimerized  Ga  atom  located  on  one  of  the  three 
As  dimers  at  the  very  beginning  of  the  growth 


cycle  is  a  =  0.7,  whilst,  for  a  Ga  atom  between  the 
As  dimer  rows,  a  =  0.5.  This  ensures  that,  in  the 
former  case,  Ga  atoms  are  fairly  mobile  before 
they  eventually  stabilize  as  dimers  with  other  Ga 
atoms  upon  the  As  dimers,  whilst  in  the  latter 
case,  the  Ga  atoms  are  more  mobile,  rarely  stabi¬ 
lizing  as  Ga  dimers  at  all.  This  produces  the  kind 
of  structure  predicted  in  ref.  [5],  the  growth  at  this 
stage  of  the  cycle  being  limited  to  sites  above  the 
initial  As  dimers.  At  later  stages  the  value  of  a 
changes  to  allow  the  growth  to  proceed  on  the 
remaining  sites,  in  accordance  with  the  growth 
model.  This  procedure  in  only  capable  of  provid¬ 
ing  an  approximate  description,  since  the  relevant 
values  of  a  are  subject  to  some  uncertainty. 

Finally,  a  further  feature  of  the  model  is  the 
inclusion  of  a  simultaneous  As/Ga  dimer  chem¬ 
isorption  event  to  describe  the  two  instances  dur¬ 
ing  the  growth  cycle  which  involve  the  coupled 
chemisorption  of  both  a  Ga  and  an  As  dimer  (see 
ref.  (5)).  The  model  approximates  such  chemisorp¬ 
tions  as  being  exactly  simultaneous.  These  events 
occur  whenever  two  Ga  atoms  dimerize  on  the 
correct  two  sites  at  the  two  correct  stages  of  the 
growth  cycle,  the  As  dimer  being  inserted  as  part 
of  the  same  event.  A  simplifying  assumption  is 
that  the  As  dimer  is  always  added  at  the  same 
location  within  a  unit  cell.  In  the  real  system  the 
situation  is  more  complex  as,  most  generally,  there 
is  a  number  of  sites  available  for  the  addition  of 
the  As  dimer. 


4.  Results 

We  present  results  of  the  initial  stages  of  growth. 
Fig.  1  shows  a  representation  of  a  typical  sequence 
describing  the  growth  of  the  first  bilayer.  The 
intermediate  stable  surface  configurations  in  this 
simulated  sequence  correspond  well  to  those  pro¬ 
posed  in  ref.  [5].  For  clarity  a  8  x  8  site  subregion 
of  a  simulation  run  on  a  system  size  of  60  X  60 
sites  at  a  temperature  of  875  K  is  shown.  Fig.  la 
(f  =  0.100  s)  shows  the  surface  at  approaching  the 
completion  of  the  first  stage  of  the  cycle  which 
involves,  on  average,  the  chemisorption  of  one  Ga 
dimer  upon  each  triplet  of  As  dimers  (5).  Also 
displayed  is  one  example  of  the  first  type  of 
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simultaneous  As/Ga  dimer  chemisorption  event 
arising  from  the  formation  of  a  Ga  dimer  between 
•two  others  located  upon  the  initial  As  dimer  tri¬ 
plets  and  which  produces  the  simultaneous  chem¬ 
isorption  of  an  As  dimer  in  the  “  missing  row”.  In 
fig.  lb  (/  =  0.295  s)  the  Ga  coverage  has  increased, 
and  sufficient  simultaneous  As/Ga  chemisorp¬ 
tions  have  occurred  to  fill  the  “missing  rows”  with 
As.  The  initial  stages  of  growth  of  the  uppermost 
layer  are  also  evident.  The  undimerized  As  atoms 
are  highly  mobile  but  attain  more  stability  by 
dimerizing.  In  fig.  Ic  (  /  =  0.360  s)  the  Ga  layer  is 
approaching  completion  and  for  those  cells  in 
which  the  Ga  layer  is  already  complete,  the  upper¬ 
most  As  layer  is  rapidly  increasing  in  coverage. 
The  structure  at  approaching  the  completion  of 
the  bilayer  is  shown  in  fig.  Id  (  /  =  0.565  s).  Details 

a 


of  this  structure  will  be  discussed  later,  but  it  is 
clear  that  a  high  degree  of  layer-by-layer  growth  is 
occurring. 

The  high  quality  of  the  grown  surface  in  fig.  1 
is  a  consequence  of  the  incorporated  details  of  the 
growth  model.  According  to  the  growth  model,  the 
uppermost  As  layer  cannot  form  beyond  one- 
quarter  coverage  until  the  complete  Ga  layer  has 
been  chemisorbed  and  this  mechanism  is  responsi¬ 
ble  for  the  extremely  high  degree  of  layer-by-layer 
growth.  This  contrasts  with  simulations  not  incor¬ 
porating  the  reconstruction  and  which  omit  such 
atomistic  detail  of  the  growth  model  (the  model 
reported  in  [9]),these  simulations  producing  a 
rougher  surface  and  a  lower  degree  of  layer-by- 
layer  growth.  Fig.  2  shows  a  comparison  of  a 
simulation  not  incorporating  the  reconstruction 
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Fig.  I.  Simulated  growth  sequence  based  on  the  Farrell  et  al.  growth  model.  Displayed  is  a  subregion  of  the  surface  at  the  times  (a) 
0.100  s.  fb)  0.29S  s.  (c)  0.3b0  s  and  (d)  0.S65  s.  Key:  Ga  atoms  are  shown  in  white  and  As  atoms  in  black. 
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Fig.  2,  Comparison  of  simulations  incorporating  both  the  2x4 
reconstruction  and  the  atomistic  details  of  the  Farrell  et  al. 
growth  model  with  simulations  omitting  both  of  these  features. 
In  (a)  is  plotted  S.  an  index  of  layer-by-layer  growth,  and  in 
(b)  the  rms  surface  roughness,  Rrma-  Times  are  normalized  to 
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and  the  atomistic  growth  model  details  [9]  and  a 
simulation  incorporating  both  of  these  features. 
Apart  from  those  rate  parameters  relevant  to  re¬ 
construction  phenomena,  all  other  rate  parameters 
are  identical  between  the  two  models.  Fig,  2a  is  a 
plot  of  the  quantity  S  which  is  a  measure  of 
layer-by-layer  growth  defined  in  [9],  Ideal  layer- 
by-layer  growth  is  characterized  by  5  oscillating 
between  the  values  2  and  0,  The  t  =  0  value  is, 
however,  1,75,  corresponding  to  the  initial  three- 
quarter  coverage  of  As  upon  one  complete  layer  of 
Ga,  For  comparison  the  times  are  normalized  to 
(oaML  which  is  the  earliest  time  at  which  sufficient 
deposited  Ga  atoms  are  present  on  the  surface  to 
form  1  ML.  ( fo,ML  “  0-32  s  for  the  unrecon¬ 
structed  model  and  foaMt  “  0.49  s  for  the  recon¬ 
structed  case.)  The  plotted  data  are  average  of  five 
simulations  on  system  sizes  of  60  x  60  sites,  using 


different  random  number  sets  at  the  temperature 
875  K.  During  this  simulated  stage  of  growth  the 
degree  of  layer-by-layer  growth  is  clearly  signifi¬ 
cantly  greater  for  the  reconstructed  model  relative 
to  that  for  the  unreconstructed  model.  The  reason 
is  that,  in  the  reconstructed  model,  growth  is 
almost  exclusively  limited  to  the  first  bilayer,  whilst 
in  the  unreconstructed  model,  no  growth  con¬ 
straints  prevent  growth  from  progressing  on  layers 
above  the  first  bilayer.  This  means  that  at  the  time 
/oaML  nearly  every  chemisorbed  Ga  atom  in  the 
reconstructed  model  resides  in  one  nearly-com- 
plete  monolayer,  whilst  in  the  unreconstructed 
model  the  same  Ga  atoms  are,  most  generally, 
distributed  over  more  than  one  monolayer.  Simi¬ 
larly,  significant  differences  are  evident  in  the  rms 
surface  roughness,  between  the  two  models. 

is  ns  defined  in  [2]  and  is  expressed  in  units 
of  ML.  firms  ‘^nta  are  plotted  in  fig.  2b  and  are 
taken  from  the  same  five  simulations  as  in  fig.  2a. 
Indeed  for  t  >  foaMc  nnd  with  the  Ga  flux  main¬ 
tained.  for  the  reconstructed  model  the  rms  rough¬ 
ness  oscillates,  whilst  for  the  unreconstructed 
model  this  quantity  monotonically  increases.  Fur¬ 
thermore.  for  this  latter  case,  our  simulations  have 
shown  that  continues  monotonically  increas¬ 
ing  beyond  toaML-  These  results  are  further  ex¬ 
plained  by  our  observation  that,  in  the  case  of  the 
reconstructed  surface.  Ga  atoms  arriving  on  top  of 
the  As  atoms  in  the  uppermost  layer  when  the 
underlying  Ga  layer  is  not  yet  complete  very  rarely 
stabilize  as  dimers  with  neighboring  Ga  atoms 
whilst  the  lower  Ga  layer  remains  incomplete. 
Such  Ga  adatoms  tend  to  diffuse  to  fill  holes, 
whilst  they  exist,  rather  than  initiate  a  new  layer, 
and  the  uppermost  As  layer  rapidly  reaches  its  full 
three-quarter  coverage  before  the  second  Ga  layer 
is  initiated.  This  is  the  reason  why  for  t  >  toaML 
such  a  high  degree  of  layer-by-layer  growth  is 
evident  in  the  simulation  in  fig.  1.  In  summary, 
the  additional  features  of  the  growth  model  which 
have  been  incorporated,  which  are  in  essence  the 
inclusion  of  details  of  the  order  in  which  stable 
chemisorption  sites  become  available  during  the 
growth  cycle,  have  a  significant  effect  upon  the 
manner  of  growth  and  the  quality  of  the  surface. 
Since  such  details  are  important  we  suggest  that 
simulations  not  considering  such  features  are  ne- 
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Fig.  3.  12x12  site  subregion  of  a  simulation  on  a  60  x  60  site 
system  at  875  K  after  the  growth  of  the  first  bilayer,  showing 
the  coexistence  of  small  2x4  and  c(2x8)  domains.  Present 
also  are  examples  of  local  disorder  and  defects  (.see  text).  (Key 
as  in  fig.  1.) 


we  find  examples  of  unit  cells  having  less  than 
three  dimers.  However,  the  perfect  “missing  row” 
structure  is  a  consequence  of  the  model  formula¬ 
tion  and  such  a  degree  of  ordering  is  rarely  found 
in  the  real  system. 

S.  Concluding  remarks 

The  gross  features  of  MBE  growth  of  the  As- 
stabilized  GaAs(C)01)2  X  4  surface  have  been 
simulated  using  a  MC  model.  Significant  dif¬ 
ferences  in  growth  occur  when  the  2x4  recon¬ 
struction  is  included.  The  simulated  surface  repro¬ 
duces  certain  features  on  the  real  surface  as  re¬ 
vealed  by  STM  studies. 
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glecting  a  significant  ingredient.  It  is  possible  that 
this  is  the  cause  of  the  qualitative  discrepancy 
between  our  data  and  that  reported  for 
GaAs( 001)2  x  2  [4].  mentioned  in  section  1. 

Finally,  in  fig.  3  we  show  a  typical  simulated 
region  of  12  X  12  sites,  again  a  subregion  of  a 
60  X  60  site  system  with  growth  conditions  as  in 
fig.  1.  Certain  features  of  the  simulated  surface 
reproduce  those  found  in  STM  images  (e.g..  ref. 
[7]).  Particularly  well  reproduced  is  the  coexistence 
of  small  domains,  having  sizes  of  a  few  unit  cells 
across,  of  both  the  2  x  4  and  the  c(2  x  8)  recon¬ 
struction.  Examples  of  the  disorder  and  the  de¬ 
fects  evident  on  the  simulated  surface  bear  a  close 
correspondence  to  some  of  those  reported  in  ref. 
(7).  As  in  ref.  [7],  we  find  local  disorder  involving 
rows  of  three  undimerized  As  atoms  along  (llOj 
which  has  the  effect  of  turning  an  in-phase 
boundary  into  an  antiphase  boundary,  and  also 
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Gallium  arsenide  layers  were  grown  by  molecular  beam  epitaxy  on  flOO)  Si  substrates  misorienied  by  1.7°  and  4°  toward  [Oil], 
with  a  thin  Si  buffer  layer  deposited  before  GaAs  growth  for  some  samples.  Reflection  high  energy  electron  diffraction  observations 
showed  that  the  substrates  misohented  by  1.7°  had  mostly  single-layer  steps,  while  those  misoriented  by  4°  had  mostly  double-layer 
steps,  regardless  of  the  conditions  for  the  Si  buffer  layer  growth.  For  3  pm  thick  GaAs  layers,  the  measured  full  widths  at 
half-maximum  of  the  GaAs  (400)  X-ray  reflection  ranged  from  680  to  870  ^rad  (about  140  to  180  arc  sec),  with  linewidths  about  15% 
lower  for  the  layers  grown  on  the  4°  misoriented  substrates.  Photoluminescence  spectra  for  the  GaAs  layers  were  dominated  by 
carbon-related  luminescence,  possibly  caused  by  contamination  during  in  situ  annealing  cycles.  However,  a  GaAs/AlAs  superlattice 
grown  on  a  GaAs-on-Si  buffer  layer  exhibited  a  single  luminescence  peak  with  a  linewidth  of  8  meV. 


1.  Introduction 

Vicinal  Si(lOO)  surfaces  have  been  very  im¬ 
portant  in  molecular  beam  epitaxy  (MBE)  of  GaAs 
on  silicon  substrates.  For  example,  growth  on  Si 
substrates  misoriented  toward  a  (Oil)  direction 
results  in  GaAs  without  antiphase  domains  [1.2]. 
For  some  time  it  was  thought  that  substrates  with 
single-domain  surfaces  (having  steps  an  even  num¬ 
ber  of  atomic  layers  high)  were  required  for  this 
antiphase  domain  suppression.  However,  GaAs 
grown  on  double-domain  (having  domains  with 
both  (2x1)  and  (1  x  2)  reconstruction)  vicinal  Si 
substrates  also  shows  no  evidence  of  antiphase 
domains  when  examined  using  reflection  high-en¬ 
ergy  electron  diffraction  (RHEED)  [3,4].  In  this 
work  we  exantine  the  effect  of  Si  substrates  with 
single-layer  and  double-layer  steps  on  the  struct¬ 
ural  and  optical  properties  of  GaAs-on-Si  layers. 

There  has  been  a  great  deal  of  interest  in  the 
nature  of  steps  on  vicinal  SiflOO)  surfaces  [5]. 
Double-layer  steps  are  observed  for  surfaces  with 
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larger  misorientations  toward  (Oil)  (4°  or  more), 
while  surfaces  with  smaller  misorientations  (2°  or 
less)  generally  have  single-layer  steps.  Recently  it 
ha^  been  reported  that  Si  growth  on  vicinal  Si 
surfaces  can  produce  double-layer  steps  on 
surfaces  which  normally  have  single-layer  steps 
[6-8].  and  single-layer  steps  on  surfaces  normally 
having  double-layer  steps  ]6].  We  will  investigate 
the  use  of  a  resistively  heated  Si  source  in  the 
MBE  growth  chamber  to  alter  the  step  configura¬ 
tion  on  vici.ial  substrates,  and  then  examine  GaAs 
layers  grown  on  these  substrates  by  double-crystal 
X-ray  diffraction  and  photoluminescence. 


2.  Experimental  procedure 

The  MBE  system  used  has  a  RIBER  2300  MBE 
growth  chamber,  with  a  standard  3-inch  RIBER 
substrate  manipulator,  and  custom-built  prepara¬ 
tion  and  load-lock  chambers.  The  substrate  heaters 
in  the  preparation  chamber  can  reach  about 
1100°C.  with  uniform  heating  across  a  2-inch 
wafer  mounted  in  an  indium-free  holder  (radiative 
heating).  A  Si  effu.sion  cell  which  sublimes  high- 
purity  Si  by  passing  current  through  it  [9]  is  used 
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in  the  growth  chamber  to  grow  Si  at  a  rate  of 
about  0.1  nm/min. 

The  substrates  used  were  Si(lOO)  with  misorien- 
tations  of  1.7°  and  4°  toward  [Oil].  Quarters  of 
2-inch  wafers  were  put  into  concentrated  H2SO4 
with  ultrasonic  agitation  for  10  min  (to  help  re¬ 
duce  particulate  contamination  [10]).  rinsed  in  D1 
water,  and  blown  dry  with  N,  before  mounting  in 
In-free  holders  and  loading  into  the  MBE  ma¬ 
chine.  After  outgassing  in  the  loadlock  chamber, 
the  substrates  were  thermally  cleaned  in  the  pre¬ 
paration  chamber  by  heating  to  850  °C  and  then 
raising  the  temperature  by  about  10°  C/s  until  the 
chamber  pressure  reached  10  "  Torr.  at  which 
time  the  temperature  was  brought  to  850  °C  again. 
The  substrates  were  typically  flashed  4  to  8  times 
to  temperatures  of  1000-1050°C  (as  read  by  a 
thermocouple  behind  the  substrate). 

Silicon  was  grown  at  a  rate  of  about  0.1  nm/min 
at  substrate  temperatures  between  400  and  800  °C 
(measured  with  a  thermocouple  calibrated  using 
GaAs  and  Si  o.^ide  desorption  temperatures).  For 
examination  of  the  Si  growth  using  RHEED. 
successive  Si  layers  about  1  nm  thick  were  grown 
on  a  given  substrate.  After  grow  th  at  one  substrate 
temperature,  the  substrate  was  moved  to  the  pre¬ 
paration  chamber  for  high-temperature  flash  an¬ 
nealing  (as  described  above)  in  order  to  provide  a 
smooth  surface  for  growth  at  the  next  substrate 
temperature.  The  RHEED  results  are  described  in 
the  next  section.  For  the  samples  which  had  GaAs 
grown  on  a  Si  buffer  layer,  one  Si  layer  about  1.5 
nm  thick  was  grown  at  450°  C.  This  layer  was 
then  flash-annealed  in  the  preparation  chamber 
before  GaAs  growth. 

For  GaAs  growth,  substrates  were  brought  to 
.100  °C  in  the  growth  chamber  before  heating  the 
•Asj  source.  The  first  0.1  jim  was  then  grown  using 
the  “migration-enhanced  epitaxy”  (MEE)  method 
[ll].  with  one  monolayer  of  GaAs  deposited  per 
cycle  (cycle:  1  s  Ga.  1  s  interrupt.  1  s  As.  1  s 
interrupt).  After  annealing  this  layer  at  600°C  for 
15  min  under  Asj  flux,  the  next  0.4  /im  was  grown 
by  MBE  with  a  substrate  temperature  of  5(K)°C 
and  a  growth  rate  of  0.5  ^im/h.  This  layer  was 
annealed  at  650  °C  for  15  min.  and  the  next  0,5 
jam  was  grown  at  600 °C  with  a  growth  rate  of  1 
(am/h.  At  this  point  in  the  growth  (1  jam  total 


thickness)  three  cyclic  thermal  anneals  were  per¬ 
formed  under  AS4  flux.  In  each  cycle,  the  sub¬ 
strate  temperature  was  raised  to  650  °  C  for  5  min. 
lowered  to  300  °C  for  5  min,  and  raised  again  to 
600  °C.  A  cycle  took  about  35  min,  and  20  nm  of 
GaAs  was  grown  at  the  end  of  each  cycle  to 
provide  a  fresh  GaAs  surface.  We  have  found  that 
this  thermal  cycling  treatment  significantly  im¬ 
proves  the  X-ray  diffraction  linewidths  of  our 
GaAs-on-Si  layers  [12].  Another  1  fim  GaAs  was 
then  grown  at  600  °C  with  a  growth  rate  of  1 
/im/h,  and  the  layer  was  again  thermally  cycled 
three  times.  Finally,  1  jam  more  of  GaAs  was 
grown  (600 °C.  1  ;im/h)  with  no  further  thermal 
treatment,  so  that  the  final  layer  thickness  was  3 
/am.  In  one  of  the  samples,  a  1  fim  thick 
GaAs/AlAs  superlattice  was  grown  instead  of  the 
final  1  ;im  of  GaAs. 


3.  Results 

.1.  /.  Si  buffer  layer  growth 

Although  control  of  the  step  configuration  on 
vicinal  Si  substrates  by  growing  Si  under  ap¬ 
propriate  conditions  has  been  reported  by  other 
authors  as  described  above,  we  were  unable  to 
reproduce  these  results  in  our  experiments.  Typi¬ 
cal  RHEED  patterns  taken  with  the  electron  beam 
directed  along  the  step  edges  of  substrates  misori- 
ented  by  4°  and  1.7°  toward  [Oil]  are  shiwn  in 
fig.  1.  The  weakened  1/2  order  streaks  and  the 
spacing  of  the  splitting  in  the  major  streaks  (de¬ 
noted  by  arrows)  of  the  pattern  from  the  4° 
substrate  indicate  a  mostly  single-domain  surface 
with  regularly  spaced  double-layer  steps  [5].  The 
pattern  from  the  1.7°  substrate  has  strong  1/2 
order  spiMs.  indicating  a  double-domain  surface. 
The  apparent  splitting  in  the  00  streak  of  fig.  lb. 
though  not  well  re.solved.  has  a  spacing  consistent 
with  that  expected  for  an  array  of  double-layer 
steps  at  this  misorientation.  The  double-domain 
surface  may  therefore  arise  from  single-layer  is¬ 
lands  with  double-layer  steps  rather  than  regular 
single-layer  steps.  Silicon  growth  on  the  substrates 
appeared  to  roughen  the  surfaces,  and  did  not 
result  in  RHEED  patterns  indicating  predomi- 
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F[g.  1.  RHEFO  patterns  from  Sit  100)  after  flash  annealing, 
observed  with  the  *0  keV  electron  beam  directed  parallel  to  the 
step  edges  of  substrates  misorientcd  by  (a)  4°  and  (b)  1.7° 
toward  [Oil].  Step-induced  .splitting  of  RHF.HD  streaks  is 
shown  bv  arrows.  (Magnification  is  not  the  same  in  (a)  and 
(b).l 

nanlly  single-layer  steps  on  the  4°  surfaces  or 
tiouhle-layer  steps  on  the  1.7°  surfaces.  We  be¬ 
lieve  that  the  most  likely  e.xplanation  for  this 
ineonsisteney  with  the  re.sults  of  other  authors  is 
contamination  from  .As  around  the  Si  source  in 
the  growth  chamber.  Before  growing  GaAs  on 


samples  wiilh  Si  buffer  layers,  the  substrates  were 
moved  to  the  preparation  chamber  for  an  ad¬ 
ditional  flash  annealing  treatment  to  remove  any 
contamination  as.sociated  with  the  Si  growth. 

3.2.  GaA.<:  layers 

The  GaAs  layers  grown  on  both  substrate  miso- 
rientations,  with  or  without  1.5nm-thick  Si  buffer 
layers,  all  had  (2x4)  reconstructions  which  ap¬ 
peared  during  the  anneal  of  the  initial  0.1  gm 
thick  layer.  The  “4  X  "  pattern  was  seen  with  the 
electron  beam  parallel  to  the  step  ec^.s.  and  there 
was  no  indication  in  the  RHEED  patterns  of 
antiphase  domains.  Double-crystal  X-ray  diffrac¬ 
tion  measurements  of  the  (400)  and  (511)  reflec¬ 
tions  for  four  GaAs-on-Si  layers  are  summarized 
in  table  1.  Measurements  were  made  with  the 
X-ray  beam  directed  along  each  of  the  four  (Oil) 
directions;  the  average  of  the  two  measurements 
made  with  the  beam  parallel  to  the  step  edges  and 
the  two  with  the  beam  perpendicular  to  the  step 
edges  is  recorded  for  each  sample.  The  misorienta- 
tion  iretween  the  Ga.As  layer  and  the  Si  substrate 
was  calculated  from  the  variation  in  the  angle 
between  ihe  GaAs  and  Si  peaks  [13].  For  both 
substrate  mi.stsrientations.  the  tilt  of  'he  Ga.As 
lattice  planes  with  respect  to  those  of  the  Si  sub¬ 
strate  was  such  that  the  GaAs  [100)  direction  lay 
between  the  surface  normal  and  the  Si  [100]  direc¬ 
tion.  as  has  b^en  seen  before  for  misorientaiions 
larger  than  1°  [13.14]. 

The  broadening  of  the  (511)  linewidths  with 
respect  to  the  (400)  linewidths  is  primarily  caused 
by  dispersion  arising  from  the  use  of  different 
reflections  in  the  monochromator  crystal  and  the 
sample  (the  (400)  reflection  from  a  Ge  <'rystal  is 


Tabk-  I 

\-rav  diffracliGn  resiill.s  on  ^  ihi-.-k  Cia.As  lavers 


Substrate 
misorieniation 
-(01 1]  (deg) 

Si  buffer',’ 

(1.5  nm  thick) 

Misonenlation 
between  (iaAs 
and  Si  (deg) 

(la.As  [  WHM  (ft rad) 

(400)  refleclit'n 

(511)  reflection 

1!  li»  steps 

1  !t»  steps 

1  to  steps 

1  ti'  siep.s 

1.7 

No 

O.DW) 

K7() 

810 

440 

850 

1.7 

Yes 

(1.(174 

mi 

840 

4(K) 

840 

4 

No 

0.158 

720 

6^0 

770 

770 

4 

Yes 

0.156 

730 

680 

740 

7.1(1 
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used  for  the  monochromator).  It  can  be  seen  from 
the  table  that  for  both  reflections,  the  FWHM  for 
the  layers  grown  on  substrates  misoriented  by  4° 
are  about  15%  smaller  than  for  the  layers  grown 
on  the  1.7°  misoriented  substrates.  The  presence 
or  ab.sence  of  the  Si  buffer  layer  did  not  appear  to 
affect  the  X-ray  results.  The  linewidths  measured 
with  the  X-ray  beam  perpendicular  to  the  step 
edges  were  always  less  than  or  equal  to  tho.se 
measured  with  the  beam  parallel  to  the  step  edges. 
This  could  be  indicative  of  an  anisotropy  for 
defects  in  the  layers,  and  will  be  studied  further. 

A  typical  5  K  photoluminescence  (PL)  spec¬ 
trum  for  the  GaAs-on-Si  layers  is  shown  in  the 
inset  of  fig.  2.  The  spectra  are  dominated  by 
impurity-related  transitions  at  the  characteristic 
energy  for  carbon  acceptors.  The  carbon  was  pre¬ 
sumably  incorporated  during  the  long  interrupts 
for  thermal  cycling,  and  possibly  during  the  initial 
MFF  growth.  The  spectra  were  similar  for  the 
Cia.As  layers  grown  on  both  substrate  ntisorienta- 
tions.  w  ith  and  without  a  .Si  buffer  layer.  The  main 
part  of  fig.  2  shows  the  PL  spectrum  for  a  sample 
with  a  I  /im  thick  Ga.As/.Al.As  superlattice  (100 
periods.  iKMiiinally  5.0  nm  Ga.As/S.O  nm  AlAs) 


J  ig.  2  I’hoiolummcscencc  spectrum  al  5  K  for  (iaAs.  Al.As 
superlatlice  grown  on  a  2  pim  thick  CiaAs  buffer  a  Si 
substrate  misoriented  b\  1.7”  toward  (Ollj.  The  inset  .shows  a 
tvpical  spectrum  for  the  }  mhi  thick  CiaAs  (avers  on  Si. 


grown  instead  of  the  top  1  jam  of  Ga.As.  This 
structure  exhibited  intense  luminescence  from  the 
superlattice  layer.  The  arrow  indicates  the  wave¬ 
length  of  the  fundamental  interband  electron-to- 
heavy-hole  tran.sition  calculated  for  5  nm  wells 
and  5  nm  barriers  with  the  usual  Kronig- Penney 
model.  The  calculation  neglected  strain  effects  and 
used  a  65 ;  35  band  offset  ratio.  The  8  meV  line- 
width  is  similar  to  those  previously  reported  for 
GaAs/AlGaAs  quantum  wells  on  silicon  [15.16]. 
In  contrast  to  the  .spectra  from  the  GaAs  layers, 
the  spectrum  from  the  superlattice  sample  does 
not  contain  strong  impurity-related  luminescence. 
This  suggests  that  any  impurities  which  were  in¬ 
corporated  into  the  GaAs  buffer  layer  did  not 
diffu.se  very  far  into  the  superlattice  layer. 


4.  Conclusions 

X-ray  diffraction  linewidths  for  GaAs  layers 
grown  by  MBE  on  vicinal  Si(lOO)  were  found  to 
be  about  15%  lower  for  layers  grown  on  substrates 
misoriented  by  4°  toward  [1 10]  than  for  layers  on 
substrates  with  a  1.7°  misorientation.  suggesting 
that  single-domain  Si  surfaces  indeed  result  in 
better  GaA.s-on-Si  layers.  The  PL  spectra  for  the 
GaAs  layers  were  qualitatively  the  same  for  the 
different  substrates,  but  the  large  extrinsic 
luminescence  could  be  masking  any  differences. 
Finally,  the  in  situ  thermal  cycling  which  leads  to 
improvement  of  the  X-ray  linewidths  (reflecting 
reduced  dislocation  densities)  is  probably  the  rea¬ 
son  for  the  strong  impurity-related  PL  transitions 
in  the  GaAs-on-Si  layers.  Faster  thermal  cycling 
and/or  growing  during  the  cycling  may  be  a  way 
to  mitigate  this  impurity  incorporation  while  re¬ 
taining  gtxrd  structural  properties. 
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We  report  on  a  detailed  siud\  by  crtvs-s-seciional  iransmi.vMon  electron  microscopy  (XTEM)  of  gallium  desorpium  from  (Al.Ga)A.s 
structures  grown  by  molecular  beam  epitax>  (MBF.)  at  substrate  temperatures  in  the  range  bSO  .73()®C'  The  Oa  desorption  rate  (  ) 

depends  i>nl>  on  substrate  temperature,  with  an  activation  energy.  ,  for  re-evaporation  of  2.56  eV.  ci'mparable  to  E.^  for  Ga 
evaporation  from  liquid  gallium.  The  presence  tT  aluminium  has  no  measurable  influence  on  /),  except  where  the  desorbing  gallium 
flux  exceeds  the  incident  flux  (  D^  »  6, ).  when  a  few  monolayers  of  residual  GaAs  can  he  detected  on  an  .M.As  surface.  No  Asj 
inerpressure  dependence  has  been  observed.  In  practice,  therefore,  multilayer  structures  of  <  Al.GalAs  with  cimirolled  thicknesses  and 
compositions  can  be  grown  with  .Asj  in  the  temperature  regime  investigated  by  making  a  constant  allowance  for  D^.  irrespective  of 
the  compositional  fraction  of  the  (Al.Ga)As. 


1.  Introduction 

It  has  been  shown  [1]  that  higher  substrate 
temperatures,  T,  than  normally  used  during  the 
molecular  beam  epitaxial  (MBE)  growth  I'f  GaAs 
are  required  to  produce  optical  and  laser  devices 
in  the  (Al.Ga)As  materials  system.  The  low  tem¬ 
perature  photoluminescence  recombination  ef¬ 
ficiency  and  associated  linewidth  of  thick 
Al.Ga,  ,.As  layers  (.v<0,37)  improve  and  laser 
threshold  current  densities  decrea.se  as  T,  >8  in- 
crea.sed.  particularly  for  growth  with  a  (3x1)- 
(1(X))  surface  reconstruction.  The  improvement  in 
optical  quality  results  from  the  deerea.sed  prob¬ 
ability  of  the  formation  of  non-radiative  recombi¬ 
nation  centres.  In  practice,  a  temperature  in  excess 
Ilf  680° C'  is  required  to  avoid  the  window  of 
temperature  between  =  630  and  680  °C'  where  the 
morphology  of  the  (AI.Ga)A.s  grown  with  Asj  is 
extremely  poor  (2).  Above  =660°C.  desorption 
of  gallium  from  the  epilayer  becomes  significant, 
and  the  control  of  layer  thicknesses  and  composi¬ 
tions  to  the  desired  accuracies  becomes  difficult. 


However,  there  is  still  considerable  controversy 
over  the  de.sorption  behaviour  of  the  more  volatile 
group  111  element  in  the  MBE  growth  of  ternary 
alloys  such  as  (AI.Ga)As  and  (Ga.ln)A.s.  and  the 
influence  exerted  by  the  less  volatile  species.  Con¬ 
flicting  evidence  has  been  published  on  whether 
the  pr(x;e.ss  of  gallium  desorption  from  an 
(AI.GafAs  surface  at  high  temperatures!  =  700 °C) 
is  dependent  on  the  Al  molar  fraction  [3-5]  and/or 
the  proximity  of  the  GaAs  to  an  underlying 
(AI.Ga)As  interface  [6]. 

This  paper  examines  by  two  different  methods 
the  proce.ss  of  gallium  desorption  from  (Al,Ga)As 
structures  containing  quantum  wells  (QWs)  grown 
under  different  conditions.  In  the  first  series  of 
experiments.  (Ai.Ga)As  nett  growth  rates  were 
measured  by  reflection  high  energy  electron  dif¬ 
fraction  (RHEED)  oscillations  for  T,  =  580- 
720°C.  Secondly.  RHEED  o.scillations  were  used 
to  set  up  low  temperature  growth  rates  where 
gallium  desorption  does  not  occur.  These  growth 
rates  were  then  used  to  grow  structures  at  high  T. 
where  gallium  desorption  is  significant,  but  with 
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growth  times  set  on  the  assumption  of  no  desorp¬ 
tion.  The  resulting  layer  thicknesses  in  the  struc¬ 
tures  were  then  examined  by  cross-sectional  trans¬ 
mission  electron  microscopy  (XTEM). 

2.  Experimental  procedures 

The  layers  were  grown  in  a  standard  3-chamber 
Varian  Modular  Gen  II  MBE  machine  equipped 
with  solid-source  effusion  furnaces.  Note  that 
growth  was  carried  out  using  arsenic  tetramers. 
As.,,  with  a  flux  of  =  1  X  10’^  As  atoms/cm'  ■  s 
and  a  growth  rate  of  =  1  iim/h.  This  arsenic  flux 
is  =  2-3  times  higher  than  the  flux  used  for  GaAs 
growth.  Two-inch  diameter  (100)  GaAs  wafers 
were  cleaned  by  a  standard  method  employing 
sulphuric  acid  and  a  de-ionised  water  rinse,  and  a 
protective  surface  oxide  was  formed  by  heating  in 
air  at  =  250°C  for  5  min  [7].  The  wafers  were 
mounted  on  indium-free  wafer  holders  and  de¬ 
oxidised  in  the  intermediate  chamber  at  a  real 
temperature  of  580  °C  for  10  min  without  an  As 
overpressure.  When  transferred  to  the  growth 
chamber,  the  GaAs  surface  exhibited  well  defined 
reconstruction  when  examined  by  15  keV  RHEED. 
A  small  5  mm“  calibration  sample  was  mounted 
with  indium  at  the  centre  of  a  molybdenum  plat- 
ten.  An  initial  wafer  temperature  was  determined 
by  measuring  Tj,  the  temperature  at  which  the 
RHEED  pattern  changed  from  a  c(4  X  4)  As-rich 
to  a  (2x4)  As-stable  surface,  which  could  be 
established  to  <  5°C.  Note,  however,  that  T,  is  a 
function  of  the  Asj  overpressure.  T,  was  also 
measured  with  an  infrared  optical  pyrometer  (7p). 
The  growth  rates  of  (Al,Ga)As,  GaAs  and  AlAs 
were  measured  using  RHEED  intensity  oscilla¬ 
tions  of  the  specularly  reflected  spot,  which  was 
difficult  at  high  substrate  temperatures  when  the 
diffraction  pattern  became  diffuse. 

3.  Results  and  discussion 

RHEED  measurements.  Fig.  1  shows  the  growth 
rates  of  Al,Ga,  ,As  (.x  =  0.3  at  low  Tj.  GaAs 
and  AlAs  as  a  function  of  substrate  temperature 
between  580  and  720  °C.  Both  the  GaAs  and 
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Fig.  1-  Growth  rates  for  GaA.s.  .AlAs.  and  Al  ,Ga|  ,  As  ( x  -  0.3 
for  T^<65()^C)  as  a  function  of  wafer  temperature,  de¬ 
termined  from  RHFED  intensity  oscillatiom. 


(Al.Ga)As  growth  rates  decrease  as  T.  is  raised 
above  =  660°C.  while  the  AlAs  growth  rate  re¬ 
mains  constant.  Above  700  °C,  the  gradient  of  the 
curves  increa.ses  rapidly  indicating  that  control  of 
the  growth  rate  at  these  temperatures  becomes 
extremely  difficult.  It  is  more  revealing,  however, 
to  di,splay  the  data  as  a  reduction  in  nett  G,  versus 
y  as  shown  in  fig.  2.  which  in  the  absence  of 
Al  loss  is  just  Ga  desorption  or  re-evaporation. 


Wafer  temperature  (OC) 

Fig.  2.  Reduction  in  nett  growth  rate  of  GaAs  and  {Ai.Ga)As 
(defined  as  GA  G,(  T^))  as  a  function  of  wafer 

temperature. 
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D^(T)  (monolayers  per  second  (ML/s)  =  jj,m/h). 
The  curves  for  D^{T)  from  GaAs  and  from 
Al,Ga,_^As  are  indistinguishable  indicating  that 
within  the  errors  of  this  experiment  the  presence 
of  aluminium  has  no  influence  on  Ga  desorption. 

XTEM.  Several  structures  were  grown  for 
XTEM  studies  to  measure  GaAs  layer  thicknesses 
over  a  range  of  substrate  temperatures  after  the 
fluxes  had  initially  been  set  up  using  RHEED 
intensity  oscillations  at  low  y  from  the  calibra¬ 
tion  wafer.  The  first  experiment  was  designed  to 
determine  the  variation  of  with  y,  layer  thick- 
ne.ss  and  aluminium  content.  Sample  No.  A164 
consisted  of  seven  sets  of  1(X)  and  200  A  GaAs 
wells  grown  at  y  from  T,  +  180°C  (Tp  =  640  °C) 
to  7;  +  260°C  (rp  =  710°C).  followed  by  .six 
GaAs  wells  with  intended  thicknesses  of  50-250  A 
grown  on  400  A  thick  Al„4Gay  pAs  barrier  layers 
at  7'|-t-240°C  (Tp  =  TCXl^C),  where  gallium  de¬ 
sorption  is  significant.  Finally.  1(K)  and  200  A 
GaAs  wells  were  grown  on  Al,Ga|.  .As  layers 
with  .V  =  0.2.  0.4  and  0.6.  The  resultant  GaAs  well 
thicknesses  were  found  to  decrease  as  y  in¬ 
creased.  indicating  a  desorption  rate  up  to  0.53 
monolayers  per  second  (ML/s)  at  a  growth  tem¬ 
perature  of  7",  4-260°C  (7p  =  710°C).  The  re¬ 
duced  thicknesses  of  the  (AI.Ga)As  barrier  layers 
could  be  accounted  for  solely  on  the  basis  of  Ga 
de.sorbing  at  the  same  rate  as  from  GaAs.  No 
dependence  of  D,  on  the  molar  fraction  x  =  0.2. 
0.4  and  0.6  has  been  ob.served.  The  measured 
thickness  versus  intended  thickness  for  the  50-250 
A  wells  is  plotted  in  fig.  3.  The  linear  dependence 
indicates  that  D,  is  constant  at  0.32  ML/s.  and  is 
not  influenced  to  any  significant  extent  by  the 
thickness  of  the  GaAs  overlaying  the  (AI.Ga)As 
surface,  in  contrast  to  the  result  of  Ralston  et  al. 
[6|.  Fig.  4  is  a  plot  of  the  logarithm  of  gallium  lo.ss 
rate  versus  l/T,  measured  from  the  group  of  UK) 
and  200  A  thick  QW  grown  at  Tj  +  180  -  260  °C 
(7p  =  640  -*  710°C).  The  gradient  of  the  plot 
yields  the  enthalpy  for  re-evaporation.  =  2.56  eV, 
close  to  the  enthalpy  of  gallium  evaporation  from 
liquid  gallium  [8],  In  a  .separate  experiment.  No. 
•A  195  was  grown  which  included  five  sets  of  QWs 
varying  from  25  to  300  A  in  thickness  grown  at 
temperatures  again  ranging  from  T,  +  180  -» 
260  °C.  D,  was  calculated  to  be  0.26  ML/s  for 


Fig.  3.  Ploi  of  thickness  of  quantum  well  measured  b\ 
XTEM  versus  intended  thickness  for  a  wafer  temperature  of 
=s700‘’C.  The  loss,  or  desorption  rate,  of  Ga  from  Ga.As  is 

=  0.32  ML/s. 

y=T,  +  260  °C.  The  important  observation  here 
is  that  between  individual  experiments,  there  was 
a  variation  in  the  measured  values  of  D,  for  the 
same  notional  wafer  temperature.  This  serves  to 
emphasise  that  the  sensitivity  of  D,  to  T.  makes 
direct  comparison  between  experiments  difficult 
so  that  as  much  information  as  possible  should  be 
contained  in  a  single,  but  complex  structure. 


0,00100  0.00102  0.00104  0.00106 

1/Substrate  Temperature  (K-'') 

Fig.  4.  Plot  of  ln(Ga  loss)  versus  l/T,.  The  activation  energy 
for  the  Cia  re-evaporation  is  «  2.56  eV. 
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Fig,  5.  XTEM  micrograph  of  a  section  of  No.  A257  showing  residual  GaAs  layers  (darker  bands),  highlighted  by  the  arrows, 
embedded  on  AlAs  (lighter  bands)  when  grown  under  conditions  where  D, :»  G,. 


The  effect  of  AS4  overpressure  on  D,  was  ex¬ 
amined  by  growing  a  set  of  GaAs  wells  at  7^  + 
240  °C  and  then  repeating  the  experiments  with  a 
SO'?  increase  in  the  AS4  flux.  There  was  no  ap¬ 
parent  difference  in  the  measured  D,  between  the 
two  sets  of  data,  although  if  the  AS4  overpressure 
is  increased  by  at  least  an  order  of  magnitude  then 
the  desorption  of  gallium  might  be  suppressed  [5]. 

Finally,  the  growth  of  extremely  thin  wells  at 
high  temperatures  has  been  examined  where  D,  > 
G,  (the  growth  rate).  Sample  No.  A257  contained 
twelve  .sets  of  four  GaAs  wells  with  200  A  AlAs 
barriers.  The  thicknesses  of  the  single  wells  were  2. 
4.  8  and  16  ML.  Each  set  was  grown  at  three 
different  growth  rates  (1.0,  0.5  and  0.1  ML/s)  and 
repeated  at  four  different  substrate  temperatures; 
r,  +  1.10°C  (Tp  =  610 '’O,  where  D,  «  G,.  provid¬ 
ing  a  calibration  of  layer  thickne.s.ses.  F,  +  225° C 
and  F|  +  250  °C  where  D,  is  significant  and  T,  + 
275  °C  (rp-=  725°C)  where  D,»G,.  As  is 
increased,  the  measured  thicknesses  of  the  QWs 
should  decrea.se  to  zero  according  to  the  relation¬ 
ship  d=(G,-  D,)t  as  D,  approaches  C,.  where  d 
is  the  thickness  of  the  measured  layer  and  r  is  the 
time  taken  to  grow  that  particular  layer.  There¬ 
after.  there  will  be  no  nett  growth  and  no  QWs 


should  be  detected  by  XTEM.  As  is  increased, 
the  measured  thicknesses  of  the  layers  do  decrease 
as  expected,  but  significantly,  at  the  highest  tem¬ 
perature  r, -f  275°C  (rp*  725°C)  and  at  the 
lowest  growth  rate  of  0.1  ML/s  where  7>r »  G,. 
there  is  evidence  for  one  or  two  residual  mono- 
layers  of  GaAs  on  the  AlAs  barriers.  This  is 
illustrated  in  the  XTEM  micrograph,  fig.  5.  where 
three  sets  of  four  thin  GaAs  wells  can  be  seen 
(darker  lines).  The  set  identified  by  the  white 
arrows  was  grown  with  The  four  wells 

appear  to  be  the  same  thickness  although  absolute 
dimensions  are  difficult  to  measure  because  the 
resolution  of  the  XTEM  technique  used  here  is 
around  7  A.  The  presence  of  residual  GaAs  im¬ 
plies  that  D,  is  severely  retarded  for  the  first 
monolayers  of  deposition,  an  effect  observed  by 
Ohta  and  co-workers  [9.10]  using  RHEED  sub¬ 
limation  oscillations. 


4.  Conclusions 

The  gallium  desorption  rate  from  GaAs  or 
AI,Ga,  ,As  (0  <  .V  5  1.0)  is  dependent  only  on 
the  substrate  temperature  except  for  an  initial  few 
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monolayers  of  deposited  GaAs,  which  remain  even 
when  the  gallium  desorption  flux  is  greater  the  the 
incident  gallium  flux.  For  most  practical  purposes, 
therefore,  at  the  high  values  of  y  and  minimum 
AS4 :  Ga  flux  ratios  required  for  the  growth  of 
optical  quality  (Al,Ga)As,  a  constant  allowance 
for  Ga  re-evaporation  can  be  assumed.  The  meas¬ 
ured  activation  energy  for  gallium  re-evaporation 
is  =  2.56  eV.  close  to  the  value  for  re-evaporation 
of  gallium  from  liquid  gallium,  and  substantiates 
recent  modulated  beam  mass  spectrometry  studies 
of  Ga  desorption  from  (AI.Ga)As  under  similar 
experimental  conditions  by  Gibson  and  co-workers 
[11].  The  results  presented  here  also  provide  sup¬ 
port  for  the  models  which  postulate  surface  segre¬ 
gation  of  gallium  on  (Al.Ga)As  at  higher  tempera¬ 
tures  [12,13]. 
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MBE  basic  growth  mechanisms  for  III-V  compounds  on  (100)  surfaces,  step  flow  and  2D  nucleation.  are  shown  to  be  modified 
bv  a  periodic  modulation  of  the  molecular  beams  in  synchronism  with  the  layer-by-layer  growth  sequence  characteristic  of  optimized 
MBE.  Beam  modulation  is  shown  to  enhance  nucleation  on  completed  monolayers,  leading  to  a  better  2D  or  layer-by-layer  growth 
(NEMBE).  The  possibility  of  growing  in  a  kind  of  atomic  layer-by-layer  mode  (ALMBE)  is  studied  by  optical  (RDS)  and  RHEED 
in-situ  analysis.  Applications  to  the  growth  of  Ill-V^-Vg  pseudoalloys  and  III^^V,j-III(  V,,  superlaitices  and  heterostructures  are 
presented.  Finally,  exploratory  growth  experiments  on  low  index  .surfaces  (311).  (21 1  )A.  (21 1  )B.  (Ill)  and  (1 10)  by  using  modulated 
beams  are  discussed. 


1.  Remarks  on  MBE  kinetics 

The  extraordinary  ability  of  MBE  to  fabricate 
nearly  perfect  surfaces  and  interfaces  of  IH-V 
semiconductors  arises  from  the  peculiar  growth 
kinetics  of  the  commonly  used  (100)  surface.  In 
particular,  the  layer-by-layer  growth  mechanism 
originates  from  the  existence  of  a  kinetic  barrier 
for  the  nucleation  of  a  new  monolayer  on  a  flat, 
defect-free  surface  such  as  the  As  stabilized,  2x4 
reconstructed  GaAs  surface.  The  first  kinetic  ob¬ 
stacle  is  that  sufficient  Ga  oversaturation  mu.st  be 
achieved  on  the  growing  surface  in  order  to  allow 
.some  probability  for  the  coincidence  of  two 
migrating  Ga  atoms  and  to  incorporate  simulta¬ 
neously  as  a  Ga-Ga  dimer  by  bridging  two  As-As 
dimers  [1].  A  second  requirement  is  the  catalytic 
dissociation  of  an  As^  molecule  on  two  of  .such 
Ga  Ga  dimers  to  form  the  first  stable  GaAs 
nucleus  [2].  This  complicated  process  establishes 
an  effective  kinetic  barrier  for  2D  nucleation  as 
compared  with  the  much  more  straightforward 
incorporation  of  migrating  species  at  monolayer 
height  steps  [3]. 

The  step  flow  growth  mechanism  will,  there¬ 
fore.  predominate  as  long  as  terrace  or  islands 
sizes  will  not  exceed  the  migration  range  of  the 
impinging  species.  When  the  size  of  a  growing 


island  surpasses  this  range  or  when  steps  are  an¬ 
nihilated  by  2D  island  coalescence.  Ga  oversatura¬ 
tion  will  increase  up  to  a  point  in  which  2D 
nucleation  will  be  statistically  possible  and  growth 
of  a  new  monolayer  will  proceed  by  flow  of  is¬ 
lands  steps  [4]. 

Studies  of  RHEED  intensity  oscillations  have 
been  very  helpful  to  modellize  this  process  and  to 
determine  migration  parameters  [4.5].  The  time 
and  local  random  character  of  the  2D  nucleation 
events  are  responsible  for  the  observed  RHEED 
oscillation  damping  and  the  evolution  of  the 
growth  front  into  a  multilevel  one  [6].  The  scarcity 
of  nucleation  events  is  responsible  for  the  large 
islands  size  and  growth  front  flatness  under  opti¬ 
mized  MBE  conditions  (high  T^.  minimum  group 
V  flux  to  stabilize.  2x4  surface,  large  migration 
range). 


2.  Nuclearion  enhanced  MBE  (NEMBE) 

Some  years  ago  [6]  we  found  that,  by  interrupt¬ 
ing  the  AS4  beam  for  a  short  time  during  sta¬ 
tionary  MBE  growth,  damped  out  RHEED  oscil¬ 
lations  would  recover.  Moreover,  by  repeating  the 
brief  interruption  periodically,  in  synchronism 
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with  the  monolayer-by-monolayer  growth  se¬ 
quence.  the  oscillation  amplitude  will  persist,  not 
damp  out,  with  growing  time.  We  proposed  that 
the  mechanism  behind  it  was  an  enhancement  and 
synchronization  of  the  nucleation  events  over  the 
whole  surface  caused  by  the  periodic  group  III 
surface  enrichment,  during  interruptions  as  a  con¬ 
sequence  of  the  continuing  group  III  deposition 
and  As  desorption  at  sufficiently  high  substrate 
temperature. 

The  optimum  timing  for  the  penodic  interrup¬ 
tions  of  the  AS4  flux  in  order  to  enhance  RHEED 
oscillation  amplitude  and  improve  growth  front 
flatness,  is  just  after  a  RHEED  /,io  maximum  has 
been  achieved.  It  is  known  that,  for  the  usual 
2x4  reconstructed  surface,  /qo  maxima  corre¬ 
spond  to  the  completion  of  a  monolayer.  If  we 
provoke  an  AS4  interruption  precisely  at  this  mo¬ 
ment.  while  continuing  to  supply  Ga,  the  surface 
will  be  momentarily  group  III  enriched  and  even¬ 
tually  will  turn  to  the  3  X  1  or  4  x  2  reconstruc¬ 
tions.  When  now  AS4  flux  is  restored,  it  will  find  a 
Ga  stabilized  highly  reactive  surface  and  imping¬ 
ing  AS4  molecules  will  catalytically  dissociate  and 
incorporate  as  homogeneously  distributed  nuclei 
of  a  new  monolayer.  The  effect  is  that  of  synchro¬ 
nized  suppression  of  the  kinetic  barrier  for  2D 
nucleation.  Further  growth  of  the  monolayer  will 
proceed  by  lateral  expansion  of  a  high  density  of 
2D  islands.  Notice  that,  even  when  at  this  stage 
group  III  and  group  V  species  are  supplied  simul¬ 
taneously  as  in  MBE,  due  to  the  availability  of  a 
large  density  of  steps  at  the  islands  edges,  the  step 
propagation  mechanism  will  predominate  and 
nucleation  of  a  second  monolayer  will  be  kineti- 
cally  hindered  until  the  growing  one  is  completed. 
Notice  also  that  the  need  for  a  large  surface 
migration  range  for  the  impinging  species  is  greatly 
reduced  due  to  the  small  lateral  dimensions  of  the 
islands  at  coalescence,  and  growth  temperature 
can  be  lowered.  Consequently,  materials  with  re¬ 
duced  migration,  such  as  AlGaAs  or  AlAs.  can  be 
grown  layer  by  layer  at  temperatures  well  below 
600  °C  [7].  At  the  same  time,  by  minimizing  the 
effect  of  inhomogeneous  nucleation  at  defects  (im¬ 
purities  or  dislocations),  epitaxial  layer  mor¬ 
phology  (flatness)  is  greatly  improved  even  for 
thick  AlGaAs  or  higlily  doped  materials  ( «  =  2  x 


lO'**  cm"’  GaAs)  and  oval  defects  are  totally 
suppressed  [8J.  Recognizing  the  importance  of  the 
nucleation  enhancement,  we  denominated  this 
process  nucleation  enhanced  MBE  (NEMBE)  (8). 
In  particular,  the  ability  of  this  mechanism  to 
force  2D  growth  mode  has  led  to  successful  appli¬ 
cations  of  NEMBE  to  the  growth  of  highly  mis¬ 
matched  systems  [9]. 

At  low  substrate  temperatures,  a  periodic  group 
111  enrichment  of  the  surface  will  not  take  place 
by  arsenic  desorption,  but  simply  by  letting  group 
III  arrive  alone  at  the  surface  during  a  longer 
arsenic  beam  interruption.  Meanwhile,  an  en¬ 
hanced  migration  of  group  III  species  over  the 
already  group  111  stabilized  areas  in  the  absence  of 
AS4  flux  helps  promoting  a  homogeneous  group 
III  atomic  layer  coverage.  Homogeneous  nuclea¬ 
tion  and  growth  of  a  monolayer  will  take  place 
during  the  AS4  supply  time.  Now.  this  can  be 
reduced  to  a  small  fraction  of  the  modulation 
period  and  therefore  we  can  consider  operating 
with  a  pulsed  AS4  cell  (pulsed  mode). 

Notice  that  the  group  111  flux  does  not  need  to 
be  modulated  during  NEMBE.  However,  as  a 
limit  case,  we  can  separate  completely  the  group 
III  and  group  V  supply  periods  by  alternating 
both  beams.  This  particular  mode,  developed  in¬ 
dependently  by  Horikoshi  et  al.  [10],  has  been 
called  MEE  by  emphasizing  the  enhanced  migra¬ 
tion  of  species,  when  supplied  separately,  as  the 
determining  mechanism  to  improve  growth. 

We  have  shown  that  alternated  (MEE)  or  pulsed 
(NEMBE)  beam  operation  modes  are  totally 
equivalent  and  produce  epilayers  of  similar  quality 
[7].  The  advantages  for  the  group  V  pulsed  mode 
are  that  it  does  not  pose  any  large  mechanical  load 
on  the  group  III  cell,  uses  its  content  more  effi¬ 
ciently  and  reduces  by  a  half  the  total  growth 
time. 

Both  MEE  and  NEMBE  modes  need  AS4  cells 
with  an  on/off  flux  ratio  >  10  to  avoid  As  incor¬ 
poration  during  Ga  supply  time.  We  use  specially 
designed,  fast  operating  valved  cells  (0.1  s  opening 
and  closing  time)  with  measured  on/off  flux  ratio 
=  200  and  equipped  with  a  high  temperature 
cracking  section.  Cells  of  the  same  kind  are  used 
also  for  P4  or  Pj  pulses  from  solid  red  phosphorus 
with  great  advantage  over  conventional  designs. 
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Because  most  of  the  time  P4  and  As,,  cells  are 
valved  off,  their  operation  does  not  have  negative 
consequence  on  ion  pumps  or  vacuum  background 
and  their  high  on/off  ratio  allows  one  to  alternate 
phosphorus  and  arsenic  in  epitaxial  structures  with 
little  cross  contamination. 


3.  Atomic  layer  MBE  (ALMBE) 

In  a  previous  work  based  on  RHEED  oscilla¬ 
tion  analysis  we  have  shown  that,  in  a  certain 
range  of  substrate  temperatures  and  by  carefully 
adjusting  the  beam  modulation  frequency  to  the 
actual  growth  rate  in  monolayers/s,  surface 
stoichiometry  oscillates  during  NEMBE  (or  MEE) 
growth  with  an  amplitude  of  I  ,V^,  where  is  the 
density  of  Ga  or  As  sites  in  an  atomic  layer 
(  a;  =  6.26  X  10’'*  cm  -  for  (001)  GaAs).  This 
means  that  using  the  above  modulation  schemes. 
MBE  growth  kinetics  can  be  modified  into  an 
atomic  layer  by  atomic  layer  kind  of  growth.  Our 
denomination  atomic  layer  MBE  (ALMBE)  wants 
to  emphasize  precisely  this  character.  It  should  be 
clearly  stated,  however,  that  ALMBE  is  conceptu¬ 
ally  and  practically  different  from  atomic  layer 
epitaxy  (ALE)  [11].  During  ALMBE.  no  natural 
mechanism  will  stop  accumulation  of  group  III 
atoms  on  the  surface  once  a  complete  atomic  layer 
had  been  deposited.  Therefore  an  accurate  com¬ 
puter  control  of  shutters  is  mandatory.  Group  V 
ad.sorption  on  the  growing  surface  is.  however, 
self-limited  and  its  saturation  coverage  can  be 
controlled  by  substrate  temperature,  pulsed  beam 
intensity  and  previous  group  III  coverage  (pulse 
width  and  phase).  This  self-limited  adsorption  adds 
to  the  forced  2D  growth  capabilities  inherent  of 
NEMBE.  a  new  application  range:  the  controlled 
growth  of  p.seudoalloys  or  alternate  monolayer 
compounds  (AMC),  short  period  superlattices  and 
sharp  interfaces  including  two  different  group  V 
elements.  This  has  been  normally  beyond  the  pos¬ 
sibilities  of  MBE  due  to  the  known  problem  of 
group  V  competition  for  incorporation.  During 
ALMBE,  P4  or  and  AS4  or  As,  are  supplied  in 
successive  pulses  to  group  III  terminated  inter¬ 
mediate  surfaces,  therefore  avoiding  competition. 

Applications  of  ALMBE  to  the  growth  of  Ga 


As/GaP  SSLs  and  QWs  with  excellent  structural 
and  optical  properties  have  been  previously  pub¬ 
lished  [12,13].  Recent  results  on  the  growth  of 
complex  periodic  decoupling  structures  like  (Ga 
P)//(GaAs)„,/(InP)„  for  GaAs/Si  shows  the  pos¬ 
sibilities  of  combining  several  strained  systems 
containing  both  P  and  As.  Also.  (GaP)„,/(InP)„ 
strained  layer  QWs  confined  by  Aln7Ga„  ,As  have 
been  grown  successfully,  opening  a  new  field  for 
MBE  growth  of  band  engineered  structures. 

However,  general  problems  of  interface  forma¬ 
tion  like  exchange  reactions,  segregation  and  dif¬ 
ferent  incorporation  efficiencies  during  growth  of 
heterostructures  based  on  compounds  with  highly 
different  chemical  reactivities  cannot  be  ruled  out 
and  need  to  be  investigated  in  detail. 

4.  Optical  and  RHEED  investigation.s  during  AL- 
MBE 

Reflectance  difference  spectroscopy  (RDS).  a 
new  optical  in-situ  analysis  technique,  useful  to 
monitor  surface  chemical  composition  changes 
[14,15].  has  been  added  to  RHEED  analysis  in 
order  to  study  ALMBE  kinetics  and  to  control 
interface  formation.  A  simplified  reflectance  dif¬ 
ference  set-up  at  the  fixed  wavelength  of  a  He-Ne 
lasi.r  has  been  developed  and  currently  used  to 
follow  in  real  time  .surface  stoichiometry  changes 
during  alternate  or  pulsed  beam  growth  [16].  At 
A  =  6328  A.  reflectance  difference  for  light 
polarized  parallel  to  [110]  and  [110]  directions 
.supplies  a  signal  of  comparable  amplitude  for  all 
investigated  compounds  (AlAs.  GaAs,  GaP,  InAs. 
InP  and  their  alloys)  and  is  specially  suited  to 
follow  surface  stoichiometry  changes  during  alter¬ 
nated  or  pulsed  growth  of  heterostructures. 

According  to  A.spnes  et  al.  [14],  the  main  com¬ 
ponent  of  the  RD  signal  originates  from  the  dif¬ 
ferential  absorption  of  polarized  light  with  the 
electric  vector  parallel  to  the  group  Ill  surface 
dimers  (along  [110]  direction)  and  is  therefore 
proportional  to  the  density  of  such  dimers  on  the 
surface. 

Referring  to  fig.  1  in  which  RHEED.  for 
[110]  azimuth  is  plotted  together  with  RD  signal, 
for  two  cyclic  alternations  of  Ga  and 
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Fig.  1.  Simultaneous  recordings  of  RHEFD.  for  [n0| 
a/imuth  and  reflectance  difference  signal,  RiU)-  ^\\0'  ‘-’ycHc 
growth  of  GoAs  under  alternative  supply  of  Ga  and  AS4. 
Substrate  temperature  =  450 °C,  BF.P  AS4  =  5  x  KF  ''  mbar. 
Letters  mark  different  stages  of  the  growth  sequence  described 
m  the  le.Kt. 


Asj  at  r.  =  450°C.  we  would  like  to  point  out 
some  specific  details  as  an  example  of  the  kind  of 
information  that  can  be  obtained.  A  complete 
analysis  under  a  range  of  substrate  temperatures 
and  modulation  .sequences  will  be  published 
elsewhere.  At  the  bottom  of  the  figure  the  beam 
sequence  is  schematized  and  the  dose  of  Ga  sup¬ 
plied  per  cycle.  1  .V .  indicated.  RHEED  intensity 
can  be  assumed  to  be  sensitive  mainly  to  the 
density  of  steps  (along  [110)  direction)  as  long  as 
the  surface  is  2  x  4  reconstructed. 

At  point  A.  the  beginning  of  the  Ga  supply,  a 
low  /iKi  intensity  indicates  that  the  cycle  starts  at  a 
rough,  incomplete  monolayer  of  GaAs.  By  supply¬ 
ing  0.25  of  Ga.  /n,,  achieves  at  point  B  a 
maximum  intensity  comparable  with  that  of  a 
good  (flat)  As  stabilized  and  2x4  reconstructed 
GaAs  surface  which,  according  to  the  well-estab¬ 
lished  Chadi  model,  is  built  of  three  As- As  dimers 
and  one  dimer  vacancy  units.  Nucleation  of  fur¬ 
ther  .supplied  Ga  on  this  surface  (few  steps  availa¬ 
ble)  occurs  by  Ga-Ga  dimer  formation,  as  shown 
by  the  linear  decrease  of  the  Rno^no  signal  until 
at  point  C.  corresponding  to  the  deposition  of  0.5 
/V^  Ga  atoms  in  dimer  form  on  the  2x4  surface,  a 
change  of  slope  in  RD  is  seen  in  coincidence  with 
a  change  of  reconstruction  of  the  RHEED  di- 

I 
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agram  into  the  3x1  reconstruction.  This  part  of 
the  cycle  corresponds  exactly  to  the  nucleation 
model  of  Farrell  et  al.  [1].  Without  As  supply,  it  is 
not  possible  to  accommodate  more  than  0.5  iV_  of 
Ga-Ga  dimers  on  a  2  X  4  surface  without  chang¬ 
ing  reconstruction  into  the  (3x1).  Further  Ga 
supply,  up  to  0.75  N^.  induces  a  reconstruction 
change  into  the  4x2.  Now.  a  point  D,  the  AS4 
beam  is  supplied  again  and  a  fast  recovery  of  the 
2x4  reconstruction  is  observed  together  with  that 
of  the  RD  signal  level  as  Ga-Ga  dimers  are 
buried.  However,  RHEED,  /,xi,  intensity  does  not 
recover  completely  under  the  AS4  beam  but  evolves 
into  that  of  a  0.75  completed  monolayer.  This  was 
expected,  as  we  had  only  0.75  of  Ga-Ga  dimers 
on  the  surface.  From  this  point  on,  the  cycle  starts 
again  with  the  supply  of  Ga  to  finish  growing  the 
incomplete  monolayers.  The  necessary  arsenic  had 
to  be  stored  on  the  surface  in  an  adsorbed  state 
(probably  in  As,  form  originating  from  the  previ¬ 
ous  catalytic  decomposition  of  AS4).  During  this 
initial  part  of  the  cycle,  the  RD  signal  has  a 
different  slope  and  originates  on  a  surface  absorp¬ 
tion  for  light  polarized  in  the  [110]  direction,  not 
related  to  Ga-Ga  dimers  but  to  the  reduction  of 
surface  anisotropy  during  island  coalescence  of 
the  incomplete  monolayer  [16). 


Al  InP  Ga  In  P 


Fig.  2.  RD  signal  during  growth  of  an  Al„  sin,,  ^P/Ga,,  ^In,,  sP 
heterojunclion  on  GaAs  substrate  by  pulsed  mode  ALMBE. 
Bottom  level  corresponds  to  surface  saturation  with  phos¬ 
phorus.  Upper  level  (peaks)  corresponds  to  group  III  stabilized 
surface.  Lt>wer  level  (flal)  corre.spond.s  to  group  V  saturation. 

Incomplete  saturation  with  P4  is  observed  for  GaInP. 
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Besides  the  good  correlation  of  the  observed 
features  and  the  current  models  of  the  GaAs 
surface,  an  important  consequence  of  this  type  of 
detailed  analysis  is  that,  in  principle,  it  is  possible 
to  use  it  to  adjust  the  pulsed  beams  timing  pre¬ 
cisely  to  operate  in  an  ALMBE  mode  and  there¬ 
fore  to  obtain  atomically  sharp  buried  interfaces 
also  for  group  V  elements. 

The  effects  associated  with  different  chemical 
activity  across  the  interfaces,  as  pointed  out  be¬ 
fore,  can  be  investigated  by  means  of  this  tech¬ 
nique  and  taken  into  account  during  the  design  of 
the  adequate  beam  sequence  to  fabricate  an  opti¬ 
mized  interface.  For  example,  during  the  forma¬ 
tion  of  GaInP/.AlInP  heterostructures,  the  use  of 
P;  instead  of  P4  is  necessary  to  achieve  full  cover¬ 
age  of  phosphorus  on  GalnP,  while  good  incorpo¬ 
ration  is  obtained  in  more  reactive  AllnP  using  P4. 
as  shown  with  the  help  of  RD  recordings  in  fig.  2. 

5.  Low  index  surfaces 

What  kind  of  kinetics  is  expected  for  NEMBE 
on  low  index  surfaces  different  from  the  (100)? 
Can  we  still  obtain  synchronized  enhanced  nuclea- 
tion  by  Ga  Ga  dimer  promotion  and  perhaps 
define  an  atomic  layer-by-layer  (ALMBE)  growth 
mode’’  Exploratory  studies  have  been  started  using 
RD  signal  as  an  analysis  tool  during  GaAs  growth 
on  (311).  (211).  (Ill)  and  (110)  surfaces. 

In  fig.  3  we  show  experimental  recordings  of 
RD  signal  /?, i,,- during  Ga  supply  while 


F'ig.  3.  Pxpenmental  recordings  of  R^n-Ri],}  during 
As4(off)/Ga(on)  transient  on  various  low  index  cut  substrates. 

=  580°C'.  BhP  AS4  =  5 X  10  ^  mbar.  Nominal  Ga  site  den¬ 
sities  are  included,  together  with  a  schematic  view  of  the  lattice 
along  [110]  direction 


growing  under  alternated  beams  on  substrates  cut 
an  carefully  polished  in  those  orientations.  High 
quality,  mirror  like,  GaAs  epitaxy  was  always 
obtained  by  using  alternated  or  pulsed  beams  at 
400  °C  and  supplying  1  (Ga)  =  6.26  X  10'“* 
cm  ■  per  cycle.  For  comparison  we  include  in  the 
figure  the  nominal  density  of  “dimerizable”  Ga 
sites  and  a  scheme  of  their  geometrical  location. 

Surprisingly  good  agreement  is  obtained  be¬ 
tween  the  RD  signal  relative  amplitude,  or  also 
the  saturation  Ga  dose  and  the  expected  surface 
densities  of  dimerizable  (two  dangling  bonds)  Ga 
sites. 

According  to  the  previous  ideas,  no  atomic- 
la  growth  would  be  possible  on  totally  polar 
(lll).A.  (lll)B  or  non-polar  (110)  surfaces  where 
no  alternation  of  As  and  Ga  planes  takes  place, 
and  of  course,  no  RD  signal  can  be  expected. 
Nominally,  on  (311)B  the  number  of  “dimeriz¬ 
able"  Ga  sites  is  approximately  half  of  that  on 
(100)  ( =  6.26  X  10'^  cm  -).’The  (100)  .surface 
saturates  with  0.75  A,  ^  (Ga)  and  the  experimental 
value  for  the  (311)B  is  0.75  A,  (A.  =  3.77  x 

10  cm  ■)  in  such  a  good  coincidence  with  the 
geometrical  value  that  it  .seems  to  indicate  that  on 
the  (311)B  surface  most  of  the  Ga  dimerize  and 
that  the  As  stabilized  surface  has  the  same  cover¬ 
age  and  probably  reconstructs  in  a  similar  way  as 
the  (100).  On  the  (211)  surface  (A  and  B),  the  RD 
signal  is  clearly  observable,  but  is  .saturates  for  A 
Ga  dose  smaller  than  the  nominal  density  of  Ga 
sites  ( A>,,,  =  2.55  X  10''*  cm  ').  Also,  the  signal 
amplitude  is  smaller.  Of  cour.se.  we  cannot  expect 
to  have  all  Ga  (or  As)  dimerized  on  a  surface  that 
will  contain  an  enormous  density  of  steps  or  re¬ 
arrange  to  lower  its  total  energy  in  an  unknown 
way.  In  favour  of  .such  rearrangement,  we  .should 
point  out  that  very  similar  RD  signals  are  ob¬ 
tained  for  the,  in  principle,  quite  different  (211)A 
and  (21 1  )B  surfaces. 

Although  no  signal  at  all  is  observed,  as  ex¬ 
pected.  on  (lll)A  or  (lll)B  and  (110)  surfaces, 
the  fact  that  a  good  growth  morphology  is  ob¬ 
tained  anyway  by  pulsing  the  beams  shows  that 
some  beneficial  effect  of  the  surface  stoichiometry 
modulation  is  still  operating.  More  growth  experi¬ 
ments.  including  superlattice  growth,  are  under¬ 
way  trying  to  clarify  these  points. 
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6.  Condusions 

A  modulation  of  the  molecular  beams  in  syn¬ 
chronism  with  the  layer-by-layer  growth  sequence 
causes  a  substantial  modification  of  the  MBE 
growth  kinetics  in  two  ways:  enhancing  and  syn¬ 
chronizing  2D  nucleation  (NEMBE)  and  enhanc¬ 
ing  migration  of  surface  species  (MEE). 

As  a  consequence,  2D  growth  mode  is  promo¬ 
ted  even  for  low  substrate  temperatures  or  during 
growth  of  highly  doped  materials  and  strained 
systems. 

Adequately  designed  pulse  sequence  leads  to 
approximate  atomic  layer-by-layer  growth  (AL- 
MBE).  It  allows  for  the  first  time,  using  new 
valved  pulsed  cells,  the  growth  of  heterostructures, 
pseudoalloys  III-V^-Vh.  superlattices  and  sharp 
heterostructures  of  the  form  lIl,.^Vg-lII^  V,,  from 
solid  sources  in  an  otherwise  conventional  MBE 
system. 

Analysis  of  simultaneous  RHEED  and  RD  re¬ 
cordings  allows  us  to  control  and  optimize  the 
modulated  beam  sequence  and  to  investigate  in¬ 
terface  formation  and  growth  on  low  index  and 
off-oriented  surfaces. 

In  summary,  the  range  of  applications  of  MBE 
can  be  greatly  extended  through  the  engineering 
of  growth  kinetics  by  pulsed  beam  techniques. 
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Optical  investigation  of  GaAs  growth  process  in  molecular  beam 
epitaxy  and  migration-enhanced  epitaxy 
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Epitaxial  growth  prtx'ess  of  GaAs  by  molecular  beam  epitaxy  and  migration-enhanced  epitaxy  is  investigated  u>ing  a  newly 
deseloped  optical  monitoring  method  called  surface  photo-absorpiion.  This  method  is  based  on  the  reflectivitv  measurement  of 
p-polanzed  light  incident  at  the  Brewster  angle  on  the  growing  surface.  This  configuration  minimizes  the  bulk  GaAs  contribution  to 
the  light  reflection.  The  small  signal  from  the  growing  surface  is  thus  detected  with  a  high  signal-lo-noise  ratio,  h  was  found  that  this 
optical  melhtxl  is  useful  for  monitoring  the  surface  chemical  composition  dunng  molecular  beam  epitaxy,  and  the  fractional  layer 
growth  during  migration-enhanced  epitaxv.  .An  optimization  of  AS4  deposition  rale  during  growth  is  also  demonstrated  using  the 
recorded  surface  photo-absorption  signal. 


1.  Introduction 

Reflection  high  energy  electron  diffraction 
(RHEED)  (11  is  a  useful  in-situ  monitoring  method 
for  liioleeular  beam  epitaxy  (MBE)  and  migration- 
enhanced  epitaxy  (MEE)  [2}.  RHEED  is  sensitive 
ti'  structural  characteristics  such  as  surface  atomic 
arrangement  and  surface  roughness  in  an  atomic 
scale  [3].  Reflectance  difference  spectroscopy 
(RDS)  [4],  an  optical  in-situ  monitoring  method 
developed  recently  by  Aspnes  et  al..  has  been  used 
to  provide  chemical  information  on  the  givwing 
surface,  which  complements  the  structural  infor¬ 
mation  provided  by  RHEED.  With  this  method, 
the  difference  between  normal  incidence  reflec¬ 
tances  is  measured  for  light  polarized  along  the 
[110]  and  [TlO]  principal  axes  about  the  (001) 
surface.  Therefore.  RDS  is  primarily  applicable  to 
anisotropic  surfaces. 

Recently,  the  authors  developed  a  new  optical 
in-situ  monitoring  method  called  surface  photo-ah- 
sorpiior  (SPA)  where  p-polarized  light  is  irradia¬ 
ted  at  the  Brewster  angle  on  the  growing  surface 
[5|.  In  this  method,  the  E  vector  of  incident  light 
includes  components  both  parallel  and  perpendic¬ 
ular  to  the  growing  surface.  Therefore,  unlike  RDS, 
SPA  is  applicable  both  to  isotropic  and  aniso¬ 
tropic  surfaces. 


In  this  paper,  we  demonstrate  the  u.sefulness  of 
SPA  in  monitoring  the  chemical  composition  of 
the  growing  surface  and  the  fractional  layer 
growth,  and  in  optimizing  the  .Asj  deposition  rate 
during  growth. 

2.  Surface  photo-absorption  method 

When  p-polarized  light  is  irradiated  on  the 
growing  surface,  the  reflected  light  intensity  can 
be  minimized  by  setting  the  incident  angle  close  to 
the  Brewster  angle.  The  residual  reflected  light 
intensity  observed  around  the  Brewster  angle  is 
caused  by  the  optical  absorption  near  the  surDce. 
Thus,  the  deposition  of  an  absorbing  thin  film  can 
be  easily  detected  by  measuring  the  amount  of 
reflected  light. 

McIntyre  and  .Aspnes  [6]  have  discussed  theo¬ 
retically  the  reflectivity  change  which  occurs  when 
a  very  thin  film  is  deposited  on  the  substrate.  This 
reflectivity  change.  AR/R.  can  be  expres.sed  by 

AR  /?(d) -  /?(()) 

R  /?t0)  •  '  ’ 

where  R(0)  and  R(d)  repre.sent,  respectively,  the 
reflectivity  of  the  substrate  before  and  after  the 
deposition  of  a  thin  film  with  thickness  d. 
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Fig.  1.  Refleclivity  change  on  the  GaAs  (001)  substrate  covered 
with  1  atomic  Ga  layer  as  a  function  of  the  incident  angle.  The 
optical  constants  of  GaAs  and  Ga  used  in  the  calculation  are 
shown  in  the  text. 


Let  and  i  be  the  dielectric  constant  of  the 
substrate  and  the  deposited  thin  film,  respectively. 
Then  the  reflectivity  change  for  s-  and  p-polarized 
light  can  be  expressed  by  [6] 


■  ^  N  ^  \  f  ^suh  I 


I  SR  \  cos  <p 

( 'X  Ip  ~  X 


X  Im 


/  <-<suh 


(2) 


maximized  at  the  Brewster  angle.  If  the  term 
Im(  •  •  ■ )  of  eq.  (3)  varies  slowly  when  the  thick¬ 
ness  d  is  increased,  eq.  (3)  predicts  a  linear  in¬ 
crease  in  the  SPA  signal  as  a  function  of  d. 


3.  Experimental 

The  experimental  setup  used  in  the  present 
work  is  shown  in  fig.  2.  A  conventional  MBE 
system  with  two  quartz  windows  at  the  Brewster 
angle  (ip  =  75°),  together  with  a  RHEED  gun 
with  an  acceleration  voltage  of  15  kV.  Two-inch 
GaAs  (001)  substrates  were  chemically  polished  in 
a  H2SO4-H2O2-H2O  solution  and  then  rinsed  in 
deionized  water.  The  resulting  oxide  was  removed 
by  thermal  desorption  at  630  °C  in  an  AS4  flux 
prior  to  the  SPA  experiment.  The  beam  intensities 
of  Ga  and  Al  from  effusion  cells  were  determined 
from  the  periods  of  the  RHEED  specular  beam 
intensity  oscillation,  while  the  AS4  beam  intensity 
was  measured  by  the  flux  monitor  gauge  placed  at 
the  substrate  position.  p-Polarized  325  nm  light 
(He-Cd  laser)  was  used  for  the  SPA  experiments. 
The  reflected  light  was  detected  by  the  Si-PIN 
photodiode.  The  results  were  compared  with  those 
obtained  by  the  RHEED  observation. 


4.  Experimental  results  and  discussion 


1  -  (l/«suh)(<  +  <suh)  sinV  \ 

1  -  (V<.ub)(^  +«sub)  sinV  r 

Fig.  1  shows  the  reflectivity  change  calculated 
using  eqs.  (2)  and  (3)  for  a  ((K)l)  GaAs  substrate 
with  1  atomic  Ga  layer  ( Ga  atoms)  on  top.  The 
wavelength  of  incident  light  is  set  at  325  and  488 
nm.  and  the  corresponding  refractive  index  of 
GaAs  is  assumed  to  be  3.4  -  1.8i  and  4.5  -  0.41i. 
respectively  [7].  Although  the  dielectric  constant 
of  a  Ga  mono-atomic  layer  is  not  known,  the 
value  obtained  for  thicker  layers  is  assumed  to  be 
valid  for  1  atomic  layer.  Thus,  the  dielectric  con¬ 
stant  used  in  the  calculation  is  - 14  —  7.6i  for  325 
nm,  and  -  26  -  26. 8i  for  488  nm  [8]). 

The  results  graphed  in  fig.  1  clearly  indicate 
that  the  detection  of  ultra  thin  film  deposition  is 


4.J.  Application  to  MBE  growth  of  GaAs 

As  discussed  in  a  previous  paper  [5].  the  SPA 
signal  increases  linearly  with  the  number  of  Ga 
atoms  ( )  deposited  on  the  surface  until  the  full 


Fig.  2,  Experimental  MBE  .setup  used  for  the  SPA  experiment. 
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MBE  groivlh  , 

—As. — J  (Go*AsJ"  - As. -  - 

- - ■  - _ 

^A*  =  5  3’‘l6*Torr 


Ts  =  SSO^C 
Jca=  Ns  /  cnrf  s 


Pas  =44  ’'lO^Of  r 


pAf=  3*^16*  Torr 

Fig.  3.  SPA  signal  intensity  variation  during  the  MBE  growth 
of  GaAs.  The  incident  light  wavelength  was  325  nm. 


coverage  is  accomplished  (^oa^^s'  number 
of  surface  sites).  This  phenomenon  makes  it  possi¬ 
ble  to  monitor  the  surface  chemical  composition 
during  MBE  growth. 

Fig.  3  demonstrates  the  SPA  signal  variation 
during  MBE  growth  of  GaAs  under  different  AS4 
pressure  (/’as)  conditions.  The  growth  was  con¬ 
tinued  for  10  s  using  the  Ga  flux  intensity  of 
(cm^/s).  Before  opening  the  Ga  effusion  cell 
shutter,  the  As-stable  surface  with  (2  x  4)  recon¬ 
struction  was  confirmed  by  RHEED  observation. 
During  MBE  growth  using  —  5.3  X  10'*  Torr 
(uppermost  trace  in  fig.  3).  the  SPA  signal  showed 
higher  intensity  than  that  before  and  after  growth, 
indicating  increased  Ga  concentration  in  the  grow¬ 
ing  surface.  However,  the  corresponding  RHEED 
observation  showed  a  distinct  specular  beam  in¬ 
tensity  o.scillation  throughout  the  entire  growth 


Fig.  4.  Steady  state  SPA  signal  intensity  during  MBE  growth  of 
GaAs  as  a  function  of  the  As^  pressure. 


duration  (10  s).  This  result  indicates  that  SPA  is 
not  sensitive  to  structural  changes  in  the  growing 
surface.  For  the  reduced  Asa  pressure  conditions 
(lower  two  traces  of  fig.  3),  the  SPA  signal  inten¬ 
sity  increases  during  growth  and  finally  saturates. 
This  saturation  value  corresponds  to  the  intensity 
of  the  (001)  GaAs  surface  fully  covered  with  Ga 
atoms.  After  saturation,  excess  Ga  atoms  ere 
stored  in  the  form  of  droplets  on  the  growinj 
surface.  Thus,  it  takes  a  long  time  to  recover  the 
original  As-stable  surface  after  growing.  These  low 
Ks  conditions  produce  no  specular  surfaces  for 
the  continued  growth. 

Fig.  4  shows  the  stationary  SPA  signal  intensity 
during  growth  as  a  function  of  /’as-  The  saturated 
intensity  in  the  <  5  X  10  *  Torr  region  corre¬ 
sponds  to  the  complete  coverage  by  Ga  atoms, 
indicating  insufficient  Asa  deposition.  For  the  re¬ 
gion  of  /’a.s>5X  10  *  Torr.  specular  surfaces 
were  obtained  even  for  the  thick  epitaxial  layer 
growth.  Thus,  the  surface  chemical  composition 
can  be  monitored  during  growth,  which  may  affect 
the  defect  incorporation  into  the  grown  layer. 

4.2.  Application  to  MEE  growth  of  GaAs 

In  a  previous  section,  it  was  demonstrated  that 
the  SPA  method  is  useful  for  monitoring  of  surface 
chemical  composition  during  MBE  growth,  and 
therefore  for  optimizing  the  Asa  deposition  rate. 
Optimization  of  the  As^  deposition  rate  is  also 

'''‘TPU  U~  =  5ecf  c 

n  .  n  n  Jco^Ns/cirfs 

“itJUL 


Fig.  5.  SPA  signal  intensity  traces  observed  using  X  =  325  nm 
light  for  5-cycle  MEE  growth  of  GaAs  al  580  “C.  Optimization 
of  ASa  deposition  rale  can  be  done. 
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Fig.  6,  SPA  signal  intensity  traces  of  5-cycle  MEE  growth  of 
GaAs  at  300  ®C. 


possible  in  the  MEE  growth  using  SPA.  Fig.  5 
indicates  the  SPA  intensity  traces  for  5-cycle  MEE 
growth  of  GaAs.  The  growth  rate  v'as  fixed  at  1 
monolayer  per  cycle.  A  steady  oscillation  in  SPA 
signal  intensity  (upper  trace)  was  obtained  using 
=  7  X  10~‘  Torr.  In  this  case,  AS4  deposition 
was  continued  for  3  s  in  each  cycle.  However,  the 
As-stable  surface  was  recovered  within  1  s  deposi¬ 
tion  (see  the  time  needed  for  the  complete  inten¬ 
sity  drop  to  the  original  level  in  each  cycle).  When 
was  reduced  to  3  x  10  *  Torr,  the  SPA  signal 
intensity  drop  in  the  AS4  deposition  duration  oc- 
cured  very  slowly  and  incompletely,  indicating 
that  excess  Ga  atoms  agglomerate  on  the  growing 
surface. 

The  results  obtained  for  a  reduced  substrate 
temperature  (300  °C)  are  shown  in  fig.  6.  The 
deposition  sequence  is  depicted  in  the  inset.  In 
this  case,  Pas  was  fixed  at  3  X  10  *  Torr  and  the 
deposition  duration  was  changed  for  different 
traces.  When  the  deposition  duration  is  Is  (upper¬ 
most  trace),  no  steady  oscillation  was  observed 
because  of  insufficient  AS4  deposition.  Even  for 
the  first  cycle,  no  complete  recovery  to  the  As-sta¬ 


ble  surface  was  obtained.  In  contrast  to  the  high 
temperature  result  (see  the  lower  trace  in  fig.  5), 
the  SPA  signal  intensity  grows  continuously.  This 
phenomenon  implies  that  no  large  Ga  droplet  is 
formed  on  the  growing  surface  even  when  excess 
Ga  atoms  are  accumulated  on  the  surface  Ga 
layer.  Instead,  the  growing  surface  is  probably 
covered  by  higher  density  but  very  small  Ga 
droplets  at  this  substrate  temperature.  By  increas¬ 
ing  the  AS4  deposition  duration,  stationary  SPA 
oscillation  can  be  achieved  as  shown  in  the  lower 
most  trace  in  fig.  6.  From  these  results,  it  is  easy 
to  optinnize  the  AS4  deposition  rate. 


5.  Conclusion 


The  newly  developed  optical  in-situ  monitoring 
method.  SPA  was  applied  to  the  growth  of  GaAs 
by  MBE  and  MEE.  This  method  is  based  on  the 
measurement  of  reflected  light  intensity  of  p- 
polarized  light  incident  at  the  Brewster  angle  on 
the  growing  surface.  In  this  method,  the  E-vector 
of  incident  light  includes  components  both  paral¬ 
lel  and  perpendicular  to  the  growing  surface.  Thus, 
unlike  the  RDS  method,  SPA  can  be  applied  both 
to  isotropic  and  anisotropic  surfaces.  The  SPA 
method  proved  useful  for  monitoring  surface 
chemical  composition  during  MBE  and  fractional 
layer  growth  by  MEE. 
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Modulated  molecular  beam  epitaxy:  a  successful  route  toward  high 
quality  highly  strained  heterostructures 

J.M.  Gerard  *,  J.Y.  Marzin  and  B.  Jusserand 

Centre  National  d'Etudes  des  Telecommunications,  196  Avenue  Henri  Ravera,  F-92220  Bagneux,  France 


InAs/GaAs  highly  strained  short  period  superlattices  exhibit  clearly  improved  structural  and  optical  properties  when  grown  by 
modulated  MBE  at  low  temperature  (350  "C)  instead  of  conventional  MBE.  This  technique  forces  a  layer  by  layer  growth  of  the 
strained  layers.  Current  descriptions  of  the  growth  mechanism  arc  discussed,  and  an  alternative  model  is  proposed  for  it. 


1.  Introduction 

One  of  the  major  recent  trends  in  strained  layer 
epitaxy  is  the  growth  of  highly  strained  hetero¬ 
structures.  Besides  their  potential  interest  in  the 
field  of  devices  as  a  high  mobility  substitute  for 
InGaAs  random  alloy,  InAs/GaAs  short  period 
superlattices  (SPSs)  also  constitute  simple  test 
structures  to  study  the  impact  of  large  strains  (7% 
lattice  mismatch  between  InAs  and  GaAs)  on  the 
growth  mode  and  stability  of  heterostructures.  The 
growth  by  MBE  of  (InAs)„(GaAs)„  approxi¬ 
mately  lattice  matched  to  InP  has  been  reported 
for  a  long  time  [1-3].  Such  layers  display,  how¬ 
ever,  rather  poor  structural  and  optical  properties, 
as  a  result  of  a  degraded  growth  mode.  We  first 
recall  that  a  clear  improvement  results  from  an 
alternate  delivery  of  arsenic  and  metal  atoms  by 
monolayer  increments  at  low  temperature  (350  °C) 
[4],  The  adequation  of  this  modulated  MBE 
(MMBE)  technique  to  the  growth  of  highly 
strained  III-V  layers  allows  one  to  discuss  the 
validity  of  the  “migration  enhanced  epitaxy 
(MEE)”  [5]  and  “atomic  layer  MBE  (ALMBE)” 
[6]  models  which  have  been  used  to  describe  the 
microscopic  growth  process  in  MMBE.  We  pro¬ 
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pose  a  novel  model  to  explain  how  MMBE  in¬ 
duces  a  layer-by-layer  growth. 


2.  Experimental  results 

An  extended  characterization  of  MMBE  grown 
(lnAs)„(GaAs)„  SPSs  has  been  performed  for  m. 
M  ^  8.  In  the  following,  we  compare  briefly  the 
data  obtained  for  a  1(XX)  A  thick  (InAs)4(GaAs), 
SPS  (sample  S43)  to  those  available  in  the  litera¬ 
ture  for  MBE  grown  layers.  X-ray  diffraction 


Fig.  1.  Evolution  of  the  first  folded  Raman  acoustic  doublet  of 
an  (InAs)4(GaAs)]  SPS  for  successive  thermal  annealings  at 
740”C. 
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satellites  with  full  width  at  half  maximum  as  low 
as  100"  appear  on  0-20  diffraction  profiles  [4] 
(typically  1°  for  MBE  grown  layers  [1-3]).  Raman 
scattering  experiments  performed  on  MMBE  sam¬ 
ples  allowed  us  to  observe  confined  optical  modes 
and  folded  acoustic  modes  for  the  first  time  in  this 
system  [4],  MMBE  grown  SPSs  thus  have  a  well- 
defined  periodicity  and  a  good  in-plane  homo¬ 
geneity. 

The  stability  of  sample  S34  has  been  tested  by 
performing  thermal  annealing;  the  decreasing  in¬ 
tensity  of  the  first  folded  acoustic  mode  is  studied 
by  Raman  scattering  at  different  stages  of  a  ther¬ 
mal  treatment  (fig.  1).  A  nearly  complete  intermix¬ 
ing  requires  7  h  annealing  at  750  °C.  Interesting 
comparisons  can  be  undertaken  with  InAs/GaAs 
and  GaAs/AlAs  SPSs  grown  b^  MBE.  Complete 
intermixing  is  achieved  for  10  A- 10  A  SPSs  after 
2  h  at  500  or  700  °C  respectively  [7].  For  a  given 
period,  InAs/GaAs  MMBE  grown  SPSs  are  thus 
much  more  stable  than  MBE  grown  InAs/GaAs 
SPSs.  and  at  least  as  stable  as  GaAs/AlAs  un¬ 
strained  structures.  The  very  large  strains  experi¬ 
enced  by  the  sublayers  are  in  fact  not  likely  to 
jeopardize  the  SPS  stability,  since  the  amount  of 
elastic  energy  (about  50  meV  per  metal  atom  for 
InAs/GaAs  on  InP)  is  much  smaller  than  the  bulk 
diffusion  activation  energy. 

Improved  optical  properties  also  result  from 
the  growth  by  MMBE,  The  low  temperature  pho¬ 
toluminescence  (PL)  of  S43  is  intense,  with  a  10 
meV  spectral  width  [4]  (50-l(K)  meV  for  MBE 
grown  SPS  [8]).  Its  Stokes  shift  with  respect  to  the 
bandgap  absorption  edge  (studied  by  PL  excita¬ 
tion  spectroscopy)  is  only  10  meV,  instead  of 
typically  50  meV  for  MBE  grown  layers. 

InGaAlAs/(InAs)2(GaAs)2  multiquantum 
wells  (MQWs)  have  also  been  studied  so  as  to 
compare  further  the  quality  of  thin  SPS  layers 
grown  using  different  techniques.  The  buffer  and 
barrier  layers  are  grown  by  MBE  at  520°  C;  the 
105  A  thick  SPSs  are  either  built  by  standard 
MBE  (MQWl)  or  by  MMBE  at  350° C  (MQW2). 
PL  and  PL  excitation  spectra  obtained  at  2  K  for 
both  samples  are  shown  in  Tig.  2.  The  excitation 
spectrum  is  smooth  for  MQWl,  which  indicates 
that  the  MQW  structure  has  no  two-dimensional 
character.  Contrasted  areas  on  the  high  resolution 


transntission  micrograph  obtained  for  MQWl  re¬ 
veal  fluctuations  of  the  composition  within  the 
well  material.  The  2D  features  of  the  MQW  exci¬ 
tation  spectrum  are  smeared  out  if  the  bandgap 
variations  they  entail  are  of  the  order  of  the  spac¬ 
ing  between  the  optical  transitions.  For  a  105  A 
thick  quantum  weU.  this  effect  reveals  composi¬ 
tional  fluctuations  exceeding  5%.  On  the  other 
hand,  the  observation  of  two-dimensional  step-like 
features  and  the  recovery  of  excitonic  peaks  in  the 
excitation  spectrum  for  MQW2  confirm  a  re¬ 
markable  improvement  for  the  MMBE  grown 
(InAs)2(GaAs)2SPS.  Its  homogeneity  is  also  re¬ 
vealed  by  the  high  resolution  micrograph  dis¬ 
played  in  fig.  2.  on  which  alternate  bilayers  are 
clearly  identified. 

These  results  stem  of  course  from  the  very 
different  SPS  growth  modes  in  MBE  and  MMBE, 
which  can  be  studied  by  reflection  high-energy 
electron  diffraction  (RHEED).  A  shift  from  2D  to 
3D  growth  mode  is  revealed  by  a  bulk  type  spotty 
pattern  when  about  5  monolayers  (ML)  InAs  or 
GaAs  have  been  deposited  by  MBE  on  a  buffer 
layer  lattice-matched  to  InP  under  standard  growth 
conditions  (5(X)°C,  As-stabilized  surface).  During 
the  growth  of  a  (InAs)„(GaAs)„  SPS.  for  n  smaller 
than  that  apparent  critical  thickness  for  3D  growth 
of  the  individual  layers  (2  ^  n  <  5),  a  continuous 
shift  to  3D  growth  is  observed  by  RHEED.  Some 
intensity  modulation  of  the  integral  order  streaks 
gradually  appears  and  a  bulk-type  spottjf  pattern 
is  finally  obtained,  when  typically  5(X)  A  (n  =  4) 
or  900  A  (n  =  3)  thick  layers  have  been  deposited. 
This  degraded  growth  mode  is  responsible  for  the 
poor  structural  and  optical  quality  of  MBE  grown 
SPS. 

On  the  other  hand,  MMBE  at  350  °C  allows 
one  to  deposit  two-dimensional  InAs  and  GaAs 
layers  on  InP  up  to  the  critical  thickness  for 
plastic  relaxation  (and  obviously  after).  No  de¬ 
gradation  of  the  growth  mode  is  observed  for 
(InAs)„(GaAs)„  (n<8)  for  1000  A  thick  films. 
The  alternate  deposition  of  AS4  and  metal  atoms 
forces  a  layer-by-layer  growth  mode  of  the  highly 
strained  layers,  thus  allowing  one  to  grow  high 
quality  material.  However,  this  forced  2D  growth 
mode  is  only  observed  for  temperatures  lower 
than  about  400  °C. 
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3.  Discussion 

The  shift  to  3D  growth  of  highly  strained  layers 
grown  by  MBE  has  a  thermodynamical  origin 
(sufficiently  large  islands  of  relaxed  material  are 
more  stable  than  the  pseudomorphic  2D  epilayer), 
but  proceeds  from  a  progressive  roughening  of  the 
surface  [9].  and  is  essentially  controlled  by  kinet¬ 
ics.  It  is  therefore  possible  to  delay  or  suppress  the 
shift  to  3D  growth  by  changing  the  growth  condi¬ 
tions. 

MMBE  overcomes  the  intrinsic  tendency  of 
highly  strained  layers  to  grow  three-dimensionally. 
This  result  allows  one  to  discuss  more  precisely 
the  growth  mechanism  in  MMBE.  The  quite  dif¬ 
ferent  MEE  and  ALMBE  models  have  been  intro¬ 
duced  to  account  for  the  growth  of  good  quality 
(unstrained)  GaAs  at  very  low  temperature  ( = 
200  °C).  Neither  is,  however,  fully  satisfying  for 
the  MMBE  of  strained  material. 

In  the  ALMBE  model  [6],  an  enhancement  of 
the  two-dimensional  nucleation  process  results 
from  the  cyclic  perturbation  of  the  surface  stoi¬ 
chiometry.  However,  preliminary  experiments  per¬ 
formed  at  500  and  370  °C  indicate  that  short 
periodic  interruptions  of  the  AS4  flux  during  the 
growth  by  MBE  do  not  improve  the  quality  of  the 
InAs/GaAs  SPS,  although  they  entail  surface  re¬ 
construction  (and  stoichiometry)  changes. 

In  the  MEE  model  detailed  for  GaAs  [5).  a 
layer-by-layer  growth  mode  is  favoured  by  the 
enhancement  of  the  cation  migration  under  very 
low  arsenic  pressure.  A  large  migration  has  been 
surmized  for  Ga  adatoms  on  a  surface  covered 
with  As  (encountered  at  the  beginning  of  each  Ga 
deposition)  as  well  as  with  Ga  (end  of  the  deposi¬ 
tion  of  1  ML  Ga),  even  at  low  temperature  ( = 
200  °  C)  (5J.  However,  the  Ga  diffusion  length  /qj 
for  a  very  low  AS4  flux  has  only  been  measured  at 
550  °C  (1900  A)  and  for  a  metal-stable  surface 
[10].  /(jj  is  drastically  smaller  at  200  ®C  on  a 
surface  covered  with  As,  due  to  the  temperature 
lowering,  and  to  the  larger  cohesion  of  Ga  adatoms 
to  an  As  plane  than  to  a  Ga  plane; 

-  When  more  than  1  ML  Ga  is  deposited  on  a 
surface  covered  with  arsenic,  atoms  of  the  first 
ML  establish  covalent  Ga-As  bonds,  whereas  ex¬ 
cess  Ga  atoms  tend  to  gather  into  droplets  [11] 


and  establish  metallic  bonds.  Ga  adatoms  on  the 
first  Ga  ML  are  thus  weakly  bound  to  it,  and 
should  migrate  much  more  easily  than  Ga  adatoms 
on  an  As  plane. 

-  To  calculate  the  decrease  of  /oa  between  550 
and  200  °C,  one  has  to  estimate  the  (unknown) 
activation  energy  of  the  migration  of  Ga  atoms 
on  an  As  stable  surface,  £„  can  be  (very  roughly) 
estimated  from  the  Ga  desorption  activation  en¬ 
ergy.  Ga  migration  or  desorption  involve  indeed 
the  breaking  or  distortion  of  a  number  of  Ga-As 
bonds  which  depends  on  the  growth  conditions; 
we  assume  that  their  activation  energies  E„  and 
E^  vary  proportionally  to  each  other.  E^  is  4.7  eV 
under  large  AS4  flux  (4  bonds  to  break)  [12],  2.5 
eV  for  a  free  evaporation  of  GaAs  [13]  (2  bonds  to 
break  since  Ga  and  As  desorb  alternately)  and 
intermediate  (3.6  eV)  during  the  standard  MBE 
growth  of  GaAs  [14].  Since  the  migration  activa¬ 
tion  energy  E^  is  1.3  eV  in  the  latter  case  [15],  we 
find  a  rather  large  but  not  unreasonable  E^  (  = 
leV)  for  Ga  adatoms  on  a  surface  covered  with  As 
in  the  vacuum.  As  a  result,  the  related  Ga  diffu¬ 
sion  length  would  be  250  times  smaller  at  200  °C 
than  at  550  °C.  Surface  migration  of  metal  atoms 
might  thus  be  much  smaller  during  low  tempera¬ 
ture  MMBE  (on  a  surface  covered  -with  As)  than 
during  standard  MBE  (  =  70  A  [15]). 

Finally,  a  large  surface  transport  (also  involved 
in  the  Volmer- Weber  3D  growth  mode)  could  not 
explain  alone  that  a  2D  growth  of  highly  strained 
material  is  obtained  by  MMBE. 

We  propose  a  modified  model  for  the  growth 
mechanism  in  low  temperature  ( =  350  °  C) 
MMBE,  which  only  involves  a  large  migration  of 
metal  atoms  on  metal  stable  surfaces  and  is  il¬ 
lustrated  in  fig.  3  in  the  case  of  GaAs.  1  ML  Ga  is 
first  deposited  under  As-poor  atmosphere  on  a 
surface  covered  with  As.  The  migration  of  Ga 
might  be  small  on  such  a  surface  at  the  beginning 
of  the  deposition,  but  a  rapid  diffusion  of  Ga  on 
Ga  terraces  is  expected.  Ga  atoms  deposited  on 
top  of  a  Ga  terrace  migrate  until  they  reach  its 
edge  and  establish  stable  covalent  bonds  with  As 
atoms  (fig.  3a).  A  complete  atomic  layer  of  Ga  is 
thus  obtained  at  the  end  of  the  Ga  deposition  (fig. 
3b).  AS4  molecules  are  then  sent  to  this  highly 
reactive  surface  which  is  quickly  and  homoge- 
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Fig.  3.  Schematic  model  for  the  MMBE  growth  of  a  GaAs 
monolayer  at  low  temperature  (  *  350 ^C). 


neously  covered  with  arsenic  (fig.  3c).  Excess  AS4 
molecules  fully  desorb  if  the  substrate  temperature 

is  sufficiently  high  (e.g.  T^>  50° C).  At  the  end 
of  this  sequence,  1  ML  GaAs  has  been  deposited 
without  any  terrace  formation  (fig.  3d). 

The  key  feature  of  this  model  is  of  course  the 
intrinsic  tendency  of  metal  atoms  to  form  a  smooth 
atomic  layer  rather  than  to  gather  into  dropplets 
(for  a  submonolayer  or  monolayer  deposition).  As 
for  unstrained  material  (5].  this  effect  is  confirmed 
experimentally  during  the  growth  by  MMBE  of 
InAs  or  GaAs  strained  on  InP  [4,6]:  at  370 °C. 
well-established  c(4  x  4).  4x2  and  3  x  1  recon¬ 
structions  are  observed  at  the  end  of  AS4,  Ga  and 
In  deposition  sequences,  respectively,  thus  show¬ 
ing  that  the  surface  stoechiometry  is  homoge¬ 
neously  changed  at  each  step  of  the  deposition 
cycle. 

Finally,  the  need  for  a  low  growth  temperature 
(T^  <  400'’C)  can  al.so  be  explained  within  this 
simple  frame.  At  higher  temperature,  an  As-stable 
surface  is  not  stable  in  the  vacuum,  and  desorp¬ 
tion  of  arsenic  from  the  surface  monolayer  after 
AS4  deposition  becomes  efficient.  More  than  1 
atomic  layer  of  metal  atoms  is  then  at  the  surface 
when  metal  atoms  have  been  deposited.  This  can 
lead  during  the  subsequent  delivery  of  As^  to  the 
formation  of  terraces,  which  constitute  a  germ  for 
the  roughness  increase,  and  the  shift  to  3D  growth 
of  the  highly  strained  layer. 


4.  Conciusions 

A  clear  breakthrough  for  the  quality  of  InAs/ 
GaAs  highly  strained  short  period  superlattices  is 
obtained  when  metal  atoms  and  arsenic  are  de¬ 
posited  alternately  by  monolayer  increments  at 
low  temperature  ( =  350  °C).  This  modulated  MBE 
technique  forces  a  layer-by-layer  growth  of  the 
strained  material. 
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Real-time  ja-RHEED  observations  of  GaAs  surfaces  during  growth 
with  alternating  source  supply 
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The  microscopic  surface  features  of  GaAs  and  AlAs  during  growth  with  an  alternating  source  supply  were  observed  by  scanning 
microprobe  reflection  high-energy  electron  diffraction  in  real  lime.  Scanning  reflection  electron  microscope  images  were  obtained  in 
the  T\'  scan  mode  (50  frames  per  second).  The  creation  of  Ga  droplets  was  observed  when  Ga  atoms  over  the  critical  amount 
depending  on  the  substrate  temperature  were  supplied.  They  disappeared  after  a  sufficient  amount  of  As  was  supplied.  When  5 
monolayers  of  Ga  atoms  were  supplied  per  cycle,  small  islands  with  bright  contrast  appeared  due  to  three-dimensional  nucleation 
after  As  was  supplied. 


I.  Introduction 

Reflection  high-energy  electron  diffraction 
(RHEED)  is  a  very  u.seful  technique  for  observing 
surface  structures  during  molecular  beam  epitaxy 
(MBE)  growth.  The  growth  mechanism  of  GaAs 
in  MBE  has  been  investigated  through  intensity 
variations  of  RHEED  spots  (1-3).  Scanning  mi¬ 
croprobe  reflection  high-energy  electron  diffrac¬ 
tion  (ft-RHEED)  is  a  p)owerful  tool  for  investigat¬ 
ing  the  growth  mechanism  through  microscopic 
surface  observations  during  growth.  Using  this 
technique,  images  of  monolayer  steps  at  Si  surfaces 
were  obtained  and  their  behavior  during  MBE  was 
observed  [4],  The  surface  morphology  of  MBE- 
grown  layers  of  GaAs  were  observed,  revealing 
that  anisotropic  surface  undulations  developed 
during  growth  (5J.  It  was  also  found  that  Ga 
droplets  were  formed  under  deficient  arsenic  pres¬ 
sure  and  shrank  due  to  a  sufficient  supply  of 
arsenic  [6]. 

In  this  study,  the  microscopic  surface  features 
of  GaAs  and  AlAs  during  growth  with  an  alternat¬ 
ing  source  supply,  so-called  migration  enhanced 
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epitaxy  (MEE).  were  observed  in  real-time  by  the 
ft-RHEED  technique. 


2.  Experimental 

The  ji-RHEED  system  comprises  a  scanning 
electron  gun.  a  signal-detection  system  of  the 
RHEED  spot  intensity  and  an  MBE  growth  sys¬ 
tem.  Details  concerning  the  system  have  been 
reported  elsewhere  [7],  Utilizing  the  intensity  sig¬ 
nal  of  the  RHEED  pattern  to  modulate  the  dis¬ 
play  brightness,  a  scanning  reflection  electron  mi¬ 
croscope  (SREM)  image  was  obtained.  The  sec¬ 
ondary  electron  microscope  (SEM)  image  was  also 
obtained  using  a  secondary  electron  detector  fac¬ 
ing  the  substrate  in  the  growth  chamber.  We  have 
developed  an  image  storage  system  for  real-time 
observations.  The  images  can  be  taken  in  real  time 
during  growth  in  a  TV  scan  mode  at  50  frames  per 
second;  they  are  monitored  and  recorded  with  a 
video  system.  Integrated  images  of  any  number  of 
frames  from  2  to  2000  can  also  be  monitored  as  an 
averaged  picture.  The  electron  beam  was  designed 
to  be  focused  to  10  nm  diameter,  and  the  spatial 
resolution  of  the  image  was  about  50  nm  for  the 
direction  perpendicular  to  the  incident  azimuth. 
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Fig.  I.  SREM  images  during  Ga  supply  on  (he  GaAs  substrate  at  610^0.  The  time  From  the  start  of  Ga  supply  is  show  in  each 
photograph:  (a)  just  after  starting;  (b)-(d)  at  1.  2  and  3  s  after  starting,  respectively;  (e)  stopping;  (0  1  s  after  slopping  the  supply. 

Marker  represents  1  jim. 


The  spatial  resolution  was  mainly  restricted  by  the  In  the  present  experiment,  n-type  GaAs  (001 ) 

mechanical  vibration  of  the  specimen,  which  was  ±  0.1°  wafers  were  mainly  used  as  substrates;  the 

caused  by  the  MBE  system  under  the  growth  substrate  temperature  was  set  at  550-630  °C.  The 

conditions.  azimuth  of  the  incident  beam  was  along  [110], 
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with  a  glancing  angle  of  about  1°.  The  SREM 
image  was  taken  using  the  specular  beam  spot. 
The  Ga  and  Al  flux  corresponded  to  0.25-1.5  and 
0.2  ML/s  growth,  respectively.  The  beam  equiv¬ 
alent  pressure  of  As  was  (5-10)  X  10'^  Pa.  Ga  or 
Al  was  supphed  alternatively  with  As  on  GaAs 
layers  and/or  AlAs  with  a  3  s  interval  between 
each  source  supply. 

3.  Results  and  discussion 

Fig.  1  shows  SREM  images  at  every  one  second 
when  Ga  was  supplied  in  an  amount  of  1  ML  per 
cycle  at  a  substrate  temperature  of  610  °C.  Each 
image  was  taken  from  a  still  of  the  video.  The 
video  signal  comprised  an  image  integrated  over 
10  frames  of  TV  scanning  of  the  electron  beam 
(an  averaged  picture  for  0.2  s).  The  dark  areas  in 
the  left-center  in  fig.  la  represent  a  marker  show¬ 
ing  the  focusing  condition.  After  1  s  from  the  start 
of  Ga  supply,  several  dark  spots  appeared,  as 
shown  in  fig.  lb.  Though  they  increased  in  size 
during  Ga  supply,  their  number  remained  con¬ 
stants  as  shown  in  figs.  Ic-le.  The  surface  fea¬ 
tures  were  unchanged  after  the  Ga  supply  stopped, 
as  shown  in  fig.  If.  It  was  reported  that  Ga 
droplets  were  formed  when  excess  Ga  atoms  over 
As  atoms  were  supplied  during  MBE  growth 
[6,8.9].  These  dark  spots  are  considered  to  be  Ga 
droplets.  At  substrate  temperatures  lower  than 
580  °C,  Ga  droplets  were  observed  after  more 
than  1  ML  Ga  atoms  were  supplied.  At  higher 
temperatures  than  610  “C,  the  droplets  appeared 
after  only  0.25  ML  Ga  supply,  A  Ga  droplet  is 
formed  by  the  excess  surface  Ga  atoms  which 
have  no  bonds  to  arsenic.  Because  arsenic  is  easily 
desorbed  at  higher  substrate  temperatures,  the 
surface  coverage  of  arsenic  is  decreased  during  the 
interval  before  Ga  supply.  The  position  where  the 
droplet  appeared  was  random  and  different  for 
each  cycle.  The  density  of  Ga  droplets  decreased, 
being  strongly  dependent  on  increase  in  the  sub¬ 
strate  temperature.  Since  the  droplet  is  an  ag¬ 
glomeration  of  excess  Ga  atoms  on  a  Ga-covered 
surface,  the  density  is  considered  to  be  determined 
by  the  surface  diffusion  of  excess  Ga  atoms,  the 
flux  density  of  Ga  and  such  thermodynamic  prop¬ 


erties  as  the  critical  supersaturation  ratio  and  the 
equilibrium  concentration  of  Ga  atoms.  Although 
the  average  distance  between  the  droplets  reflects 
the  diffusion  coefficient  of  excess  Ga  atoms  on  a 
Ga-covered  surface,  further  investigation  concern¬ 
ing  the  characteristics  of  Ga  atoms  is  necessary  in 
order  to  estimate  the  diffusion  length. 

Fig.  2  shows  SREM  images  when  As  was  sup¬ 
plied  to  the  surface  shown  in  fig.  1.  The  Ga 
droplets  shrank  and  then  disappeared  after  suffi¬ 
cient  amounts  of  As  were  supplied.  Bright  regions 
around  the  droplets  were  observed  before  they 
disappeared,  as  shown  in  fig.  2c.  Since  the  Ga-rich 
surface  was  brighter  than  the  As-stabilized  surface 
under  the  present  conditions  of  RHEED,  the 
bright  region  seemed  to  be  Ga-rich  regions.  It  is 
considered  that  Ga  atoms  diffuse  from  the  drop¬ 
lets  and  form  a  monolayer  of  GaAs  within  the 
first  3  s  of  As  supply. 

Growth  on  a  vicinal  surface  (2°  off  toward 
[110])  showed  similar  features  regarding  both  the 
creation  and  annihilation  of  droplets.  The  density 
of  the  droplets  was  nearly  the  same  as  that  on  an 
exactly  oriented  surface.  A  2°  vicinal  surface 
would  have  an  extra  monolayer  step  at  every  80 
nm  on  the  average,  although  it  was  obviously  not 
observed.  This  implies  that  the  surface  monolayer 
steps  accompanying  the  misorientation  of  the 
surface  have  little  effect  on  the  surface  migration 
of  excess  Ga  atoms.  In  other  words,  it  is  thought 
that  more  steps  than  those  due  to  the  misorienta¬ 
tion  of  the  surface  would  exist  even  on  a  smooth 
surface.  On  a  rough  surface  which  was  prepared 
by  growth  under  As-deficient  conditions,  however, 
the  droplet  density  was  increased.  This  is  consid¬ 
ered  to  be  due  to  a  reduction  of  the  diffusion  of 
excess  Ga  atoms.  These  facts  mean  that  the  mono- 
layer  steps  do  not  make  nuclei  of  agglomerated 
excess  Ga  atoms  but,  rather,  reduce  the  diffusion. 

When  more  than  5  ML  Ga  atoms  were  supplied 
in  a  cycle,  a  different  surface  feature  was  ob¬ 
served.  Fig.  3  shows  sequential  SREM  images 
when  a  5  ML  amount  of  Ga  were  supplied  and 
followed  by  an  As  supply.  Just  at  the  start  of  Ga 
supply  (fig.  3a),  only  contrast  coming  from  surface 
morphology  was  observed.  Ga  droplets  were  ob¬ 
served  on  the  surface  after  the  Ga  supply  (fig.  3b). 
When  As  was  supplied,  the  Ga  droplets  started  to 


Fig.  2.  SREM  image  during  the  succeeding  As  supply  on  the  surface  shown  in  fig.  1.  The  time  from  the  start  of  the  As  supply  is 

shown  in  each  photograph.  Marker  represents  1  ^m. 


shrink  and  then  disappeared  (figs.  3c-3e).  Bright 
spots  appeared  at  the  same  positions  where  the 
droplets  had  existed  (figs.  3e  and  30.  and  became 
clear  after  sufndent  As  was  supplied  (fig.  3g).  The 
RHEED  pattern  at  the  bright  spot  showed  the 


typical  three-dimensional  (3D)  diffraction.  Images 
were  taken  using  the  specular  beam  spot.  It  was  at 
nearly  the  same  position  on  the  screen  where  a  3D 
diffraction  spot  appeared  under  the  present  dif¬ 
fraction  conditions.  The  bright  areas  are  therefore 
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ig.  3  SREM  images  during  MEE  growth  for  5  ML  of  Gi 
(d)-(i)  at  1,  2,  3,  4,  60  ai 
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considered  to  be  3D  nuclei.  It  is  well  known  that  a 
surface  becomes  rough  when  an  amount  of  Ga 
over  several  monolayers  is  supplied  in  a  cycle  of 
MEE  growth.  This  is  a  direct  observation  of  the 
3D  nucleation  which  causes  surface  roughness. 
After  a  long  interruption  of  growth  under  As 
pressure,  it  was  observed  that  the  bright  spots 
became  diffuse  and  disappeared  (figs.  3g  and  3h). 
The  disappearance  of  the  3D  nuclei  was  con¬ 
firmed  by  the  RHEED  pattern  at  every  point  of 
the  image.  This  phenomenon  is  thought  to  corre- 
.spond  to  the  RHEED  intensity  recovery  after 
growth  interruption. 

In  AlAs  growth  on  GaAs  substrates,  similar 
features  were  observed.  The  droplets  appeared 
within  several  cycles  of  growth.  In  AlAs  growth  on 
AI.As  layers,  however,  no  droplets  were  observed 
below  690  °C  of  substrate  temperature.  When  Ga 
was  supplied  on  the  AlAs  layer,  nearly  the  same 
number  of  droplets  were  observed  as  those  on 
GaAs  layers.  The  proposed  reason  for  the  absence 
of  A I  droplets  on  AlAs  layers  is  supposed  to  be  as 
follow's.  The  surface  of  AlAs  has  so  many  trap 
sites  that  the  diffusion  length  of  adatoms  is  shor¬ 
tened.  Hence,  the  droplets  are  too  small  to  be 
observed  with  the  resolution  of  the  present  system. 
This  interpretation,  however,  is  not  compatible 
with  the  observed  features  of  GaAs  growth  on  the 
AlAs  layer.  These  facts  imply  that  a  very  com¬ 
plicated  behavior  of  Al  atoms  might  exist  on  both 
the  GaAs  and  the  AlAs  surfaces.  Further  investi¬ 
gation  is  neces.sary  to  explain  the  features  of 
surface  adatoms. 


4.  Summary 

GaAs  (001)  surfaces  during  an  alternating 
supply  of  Ga  and  As  were  microscopically  ob¬ 


served  in  real  time  by  scanning  microprobe 
RHEED.  The  features  of  creation  and  annihila¬ 
tion  of  Ga  droplets  were  observed.  In  the  case  of  a 
large  amount  of  Ga  supply  per  cycle,  3D  nuclea¬ 
tion  of  GaAs  was  observed.  The  3D  nuclei  were 
found  to  diffuse  after  a  long  interruption  of 
growth.  In  AlAs  growth  on  a  GaAs  layer  similar 
features  were  observed,  but  no  droplets  were  ob¬ 
served  on  AlAs  layers.  The  real-time  observations 
by  the  /r-RHEED  will  provide  important  informa¬ 
tion  concerning  the  epitaxial  growth  mechanism. 
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The  layer-by-layer  growth  mode  was  readily  realized  on  exactly  oriented  GaAs(in)B  and  GaAs(I10)  substrates  by  migration-en¬ 
hanced  epitaxy.  This  growth  mode  results  in  a  mirror  surface  with  low  hillock  density  of  ~  lO'  cm  '  whicl  •«  ?  orders  of  magnitude 
lower  than  the  density  obtained  by  conventional  MBE  growth. 


1.  Introduction 

In  III-V  epitaxial  layers,  (111)  oriented  struc¬ 
ture  has  features  attractive  for  optical  devices  [1,2]. 
The  (110)  plane  has  the  advantage  of  being  the 
non-polar  plane,  which  could  solve  the  problem  of 
charge  imbalance  in  the  interface  for  the  zinc- 
blende  on  diamond  systems  [3]  such  as  GaAs  on 
Si(l  10)  [4].  Layers  of  GaAs(l  10)  are  also  attractive 
because  of  the  applications  in  avalanche  devices 
due  to  high  impact  ionization  efficiency  [5].  For 
both  orientations,  the  homoepitaxial  growth  on 
the  exactly  oriented  substrates  produced  a  poor 
surface  morphology  covered  with  many  hillocks. 
The  growth  conditions  for  specular  surface  mor¬ 
phology  were  investigated  by  using  misoriented 
substrates  [6-8]  or  migration-enhanced  epitaxy 
(MEE)  [9].  Few  have  reported  on  this  growth 
mode  in  exactly  oriented  substrates  [10,11]. 

In  this  paper,  the  growth  mode  was  revealed 
by  reflection  high  energy  electron  diffraction 
(RHEED)  intensity  oscillation  for  GaAs(lll)B 
and  GaAs(110).  The  layer  by  layer  growth  was 
realized  in  (111)  and  (110)  orientations  by  MEE 
[12],  which  resulted  in  mirror  surfaces.  These  re¬ 
sults  were  compared  with  those  on  GaAs(100) 
growth. 

*  Present  adress:  Fuji  Photo  Film  Co..  Ltd.,  798,  Miyanodai. 

Kaisei-machi,  Ashigarakami-gun,  Kanagawa.  2S8.  Japan 
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2.  Experimental 

MEE  and  MBE  growth  were  conducted  on 
exactly  oriented  GaAs(lll)B  and  GaAs(llO)  sub¬ 
strates  with  an  accuracy  for  orientation  of  less 
than  0.1°  and  0.5°.  respectively.  They  were  de¬ 
greased  and  etched  in  3:1:1  H2SO4 :  H2O2 :  H2O 
solution  at  50  °C.  Then,  they  were  heated  in  the 
MBE  growth  chamber  at  650 °C  for  10  min  with 
an  AS4  flux  in  order  to  desorb  a  thin  oxide  film  on 
the  substrates.  The  growth  was  conducted  at  tem¬ 
peratures  between  500  and  600  °C.  The  substrate 
temperatures  were  measured  by  a  pyrometer. 

The  Ga  beam  flux  intensity  was  estimated  from 
the  period  of  the  RHEED  specular  beam  intensity 
oscillation  during  MBE  growth  of  GaAs.  The  typi¬ 
cal  Ga  and  AS4  beam  flux  intensities  were  2.2  x 
10”^  and  1.0  X  10"’  Torn  respectively.  In  MEE, 
the  number  of  Ga  atoms  supplied  in  one  cycle  was 
adjusted  to  half  of  the  number  of  surface  Ga  sites 
(0.5  monolayer)  in  order  to  investigate  the  growth 
mode  [14],  In  one  cycle  of  the  MEE  growth,  the 
Ga  shutter  was  opened  for  1.1  s  and  then  the  AS4 
shutter  was  opened  (Ga  closed)  for  2  s.  Then,  both 
Ga  and  AS4  shutters  were  closed  for  1  and  2  s  in 
GaAs(lll)B  and  GaAs(llO)  growth,  respectively. 
Epilayers  of  exactly  oriented  GaAs(100)  were  also 
grown  by  MBE  and  MEE  as  references. 

The  specular  beam  intensity  was  monitored 
along  the  [110]  azimuth  using  25  keV  primary 
beam  energy  during  the  growth  [14],  The  epilayers 
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were  |rown  by  MBE  and  MEE  to  a  thickness  of 
1200  A  and  the  surface  morphology  was  observed 
by  Normarski-interference  contrast  optical  micro¬ 
scope. 

3.  Results  and  discussion 

Fig.  la  shows  the  typical  specular  beam  inten¬ 
sity  observed  in  MBE  growth  of  GaAs(lOO)  at 
500  °C.  Specular  beam  intensity  oscillations  were 
easily  observed,  which  indicated  the  two-dimen¬ 
sional  nucleation  mode  [15].  The  specular  beam 
intensity  during  MBE  growth  of  GaAs(lll)B  at 
580 °C  is  shown  in  fig.  lb.  The  intensity  oscilla¬ 
tion  was  found  during  3  monolayer  (ML)  of  de¬ 
position.  but  the  specular  beam  intensity  de¬ 
creased  rapidly  and  no  oscillation  was  observed 
after  3  ML  of  deposition.  The  RHEED  oscillation 
has  not  been  observed  except  under  the  above 
conditions.  Fig.  Ic  shows  the  specular  beam  inten¬ 
sity  during  MBE  growth  of  GaAs(llO)  at  540°C. 
After  the  initiation  of  MBE  growth,  the  specular 
beam  intensity  decreased  without  showing  oscilla¬ 
tion.  No  intensity  oscillation  has  been  found  in 
MBE  growth  of  GaAs(llO). 

The  two-dimensional  nucleation  mode  is  read¬ 
ily  obtained  in  MBE  growth  of  GaAs(lOO)  with  a 
large  range  of  growth  parameters.  In  GaAs(lll)B 


1/1 


Fig.  1.  Specular  beam  intensity  during  MBF.  growth  for  (a) 
OaAsf  100).  (b)  GaAs(  1 1 1  )B  and  (c)  OaAsfl  10). 


Fig.  2.  Specular  beam  intensity  observed  in  MEF  growth  of 
GaAsdOO):  (a)  at  500°C;  (b)  at  540°C;  (c)  at  600 ‘’C. 

and  (110).  however,  the  rapid  decrea.se  in  .specular 
beam  intensity  indicates  the  roughening  of  the 
growth  .surface,  which  coincides  with  the  faceted 
growth  (three-dimensional  island  growth)  ob¬ 
served.  Layer-by-layer  growth  is  difficult  to  be 
realized  by  codeposition  of  Ga  and  AS4. 

The  specular  beam  intensity  in  MEE  growth  of 
GaAs(100)  at  500  °C  is  shown  in  fig.  2a.  The  peak 
intensity  of  the  As-stable  surface  was  modulated 
with  a  period  of  two  cycles.  Fig.  2b  and  fig.  2c  are 
the  specular  beam  intensities  during  the  growth  of 
GaAs(100)  al  540  and  600  °C.  respectively.  The 
amplitude  of  peak  intensity  modulation  decreased 
with  increasing  temperature. 

Fig.  3  shows  the  results  on  the  typical  specular 
beam  intensity  during  MEE  growth  of  GaAs(  1 1 1  )B 
at  500.  530  and  560°C.  At  500°C  (fig.  3a),  the 
peak  intensity  modulation  was  observed  with  a 
period  of  two  cycles.  At  530  °C  (fig.  3b).  the 
amplitude  of  the  peak  intensity  modulation  be¬ 
came  small.  At  560 °C  (fig.  3c)  no  peak  intensity 
modulation  was  ob.served. 

Fig.  4  shows  the  .specular  beam  intensity  ob¬ 
served  in  MEE  growth  of  GaA.s(llO)  at  500,  530 
and  560 °C.  The  peak  intensity  was  modulated 
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Fig.  3.  Specular  beam  intensity  observed  in  MEE  growth  of 
GaAst  1 1 1  )B:  (a)  at  500  °  C;  (b)  at  530  ^  C;  (c)  at  560  °  C, 


Fig.  4.  Specular  beam  intensity  observed  in  MEE  growth  of 
GaAst  110):  (a)  at  500°C;  (b)  at  530°C;  (c)  at  SbO^C. 


with  a  period  of  2  cycles  at  500  and  530  °C.  The 
amplitude  of  modulation  became  small  with  in¬ 
creasing  temperature  and  the  modulation  disap¬ 
peared  at  560  °C. 

When  the  two-dimensional  nucleation  mode  oc¬ 
curs  in  MEE,  the  peak  intensity  of  the  As-stable 
surface  should  oscillate  with  a  period  of  two  cycles 
due  to  0.5  ML  of  GaAs  growth  per  cycle  [13). 
When  the  step  flow  mode  occurs,  the  roughness  of 
the  surface  should^  not  change,  which  leads  to  a 
constant  peak  intensity  in  spite  of  the  0.5  ML  of 
GaAs  growth  per  cycle  (13).  The  two-dimensional 
nucleation  mode  was  readily  realized  by  using 
MEE  for  (lll)B  and  (110)  orientations  at  500°C. 
No  peak  intensity  modulation  was  observed  above 
a  temperature  of  530  °C,  indicating  that  the  step 
flow  mode  was  predominant  in  (lll)B  and  (110) 
orientations.  This  result  suggests  that  a  certain 
amount  of  steps  exist  even  in  the  exactly  oriented 
substrates.  The  difference  in  growth  mode  be¬ 
tween  MEE  and  MBE  is  remarkable  for  these 
orientations. 

The  (100)  and  (lll)B  GaAs  epilayers  consist  of 
alternating  planes  of  Ga  and  As  atoms,  while  the 
(110)  GaAs  has  a  non-polar  surface  which  is  com¬ 
posed  of  equal  numbers  of  Ga  and  As  atoms.  The 
excess  AS4  adsorption  results  in  the  facet  forma¬ 
tion  in  MBE  growth  of  (110)  orientation  [7].  In 
MEE  growth  of  (110)  orientation,  the  incoming 
Ga  atoms  during  no  AS4  deposition  adhere  prefer¬ 
entially  to  the  As  atoms  of  the  (110)  surface 
because  of  low  excess  AS4  adsorption.  The  next 
incoming  AS4  molecules  react  with  the  prede¬ 
posited  Ga  atoms  and  form  a  GaAs(llO)  surface. 
Therefore,  there  is  no  cause  for  three-dimensional 
island  growth  (faceted  growth)  in  one  cycle  of 
MEE  growth  unless  Ga  droplets  are  formed.  This 
is  consistent  with  the  layer-by-layer  growth  mode 
obtained  in  the  (110)  orientation.  The  desorption 
of  AS4  in  excess  [16]  was  realized  by  introducing  a 
period  in  which  both  shutters  were  closed.  This 
was  confirmed  by  the  result  that  the  specular 
beam  intensity  increased  during  this  period,  as 
seen  in  figs.  3a  and  4a.  Alternate  supply  of  Ga 
and  AS4.  and  the  reduction  of  excess  AS4  adsorp¬ 
tion,  is  believed  to  suppress  the  faceted  growth  of 
the  (110)  orientation. 

In  MEE  growth  of  GaAs(100).  the  two-dimen- 
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sional  nucleation  mode  occurred  at  temperatures 
between  460  and  600  °C.  The  decrease  in  peak 
intensity  modulation  with  increasing  temperature 
indicates  that  the  step  flow  mode  partially  oc¬ 
curred  at  high  temperatures.  However,  the  two-di¬ 
mensional  nucleation  mode  exists  even  at  600  °C 
where  the  step  flow  mode  is  dominant  in  (lll)B 
and  (110)  orientations.  This  difference  could  be 
due  to  the  migration  length  of  Ga  atoms  on  the 
As-stable  surface  during  no  AS4  flux.  For  the 
(lll)B  and  (110)  orientations,  each  As  atom  of  the 
surface,  without  excess  AS4  adsorption,  has  only 
one  back  bond  to  the  incoming  Ga  atoms.  There¬ 
fore,  Ga  atoms  on  the  surfaces  are  unstable  and 
can  migrate  freely  to  reach  the  steps  under  AS4 
free  conditions.  On  the  other  hand,  each  As  atom 
of  the  (100)  surface  possesses  two  back  bonds  to 
the  incoming  Ga  atoms,  which  suppresses  the 
migration  of  Ga  atoms  and  the  step  flow  mode. 

Fig.  5  shows  the  hillock  densities  of  GaAs(l  1 1  )B 
and  Ga.As(110)  epilayers  with  1200  A  growth 
thickne.ss.  For  MBE  grown  epilayers.  the  density 
was  of  the  order  of  10*’  cm'’  for  both  orienta¬ 
tions.  The  hillocks  covered  the  whole  surfaces,  as 
shown  in  the  microphotographs.  The  MEE  growth 
reduced  the  hillock  density  by  two  to  three  orders 
of  magnitude  and  yielded  a  mirror  surface  for 
both  orientations,  as  shown  in  the  microphoto- 
graphs.  During  the  MEE  growth,  no  damping  was 
observed  in  the  amplitude  of  the  specular  beam 
intensity  oscillation  (the  difference  between  the 
intensity  during  Ga  deposition  and  that  during 
AS4  deposition).  The  specular  beam  intensity  of 
the  As-stable  surface  remained  constant  or  slightly 
increa.sed  during  growth,  which  has  not  been  ob- 
.served  in  MBE  growth.  The  hillock  density  de¬ 
creased  with  increasing  growth  temperature. 

Good  surface  morphology  of  AIGaAs  and  GaAs 
was  obtained  by  Hayakawa  et  al.  [1]  using  0.5° 
misoriented  substrates  and  by  Tsutsui  et  al.  (6) 
using  1.5°  misoriented  GaAs(lll)B  substrates. 
For  GaAs(llO).  6°  misoriented  substrates  were 
required  for  a  specular  surface  (7).  The  steps  are 
considered  to  serve  as  growing  fronts  on  the 
surfaces  which  have  one  back  bond  to  the  incom¬ 
ing  Ga  atoms.  The  use  of  MEE  increases  the 
average  migration  length  of  the  Ga  atoms.  There¬ 
fore.  less  step  density  could  be  required  for  the 
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Fig.  5.  Hillock  densities  for  GaAs(lll)B  and  GaAsfllO)  epi¬ 
layers:  (□)  GaAsdIDB  hy  MBE:  (m)  GaA.sfilO)  by  MBE;  (o) 
GaAstUDB  by  MEE;  (•)  GaAsdlO)  by  MEE.  Surface  mor¬ 
phologies  of  the  epilayers  are  also  shown.  Markers  represent  10 
/im. 


layer-by-layer  growth  in  MEE  growth  than  in  MBE 
growth.  This  leads  to  mirror  surfaces  of  MEE 
grown  epilayers  on  exactly  oriented  substrates. 
The  decrease  of  hillock  density  with  temperature 
is  due  to  the  increase  of  the  migration  length  of 
Ga  atoms. 


4.  Conclusions 

The  layer-by-layer  growth  mode,  which  is  hardly 
obtained  by  MBE,  was  readily  observed  by  MEE 
for  (lll)B  and  (110)  orientations.  This  growth 
mode  and  low  excess  AS4  adsorption  can  suppress 
facet  growth  and  realize  mirror  surfaces  with  low 
hillock  density. 
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Fabrication  of  AlAs/Al/AlAs  heterostructures  by  molecular  beam 
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AIAs/AI/AIAs  heterostructures  are  fabricated  on  (OOl)GaAs  by  molecular  beam  epitaxy  (MBE)  and  migration  enhanced  epitaxy 
(MEE).  The  Al  and  successive  AlAs  layers  are  grown  at  room  temperature  by  MBE  and  MEE.  respectively,  while  the  underlying 
AlAs  layer  is  grown  at  600  °C  by  MBE.  Single  crystal  .Al  layers  are  grown  successfully.  The  epitaxy  relationship  of  Al  with  the 
underlying  AlAs  layer  is  (011)(100)A1  ||(001)(1101AlAs.  Detailed  RHEED  analysis  elucidates  the  lattice  relaxation  processes  of  Al  on 
AlAs  as  well  as  the  growth  process.  It  is  suggested  that  the  initially  deposited  2(1)  ML  thick  Al  layers  occupy  sublattice  sites  in  the 
AlAs  lattice  with  the  same  lattice  spacing  as  AlAs  on  As-  (A1-)  stabilized  AlAs  and  that  the  lattice  relaxation  and  the  formation  of  the 
fee  Al  lattice  is  initiated  during  deposition  of  the  3rd  (2nd)  layer  on  As-  (AI-)  stabilized  AlAs.  The  top  AlAs  layer  is  single  crystalline 
and  grows  in  an  island  growth  mode.  The  observed  epitaxy  relationship  of  AlAs  on  Al  is  (001  )|1 101Al.As||(01 1  )(100JAI. 


1.  Introduction 

Recently,  the  epitaxy  of  .semiconductor/ 
metal/ semiconductor  structures  have  attracted 
considerable  attention  because  of  their  potential 
application  to  metal-base  transistors,  permeable 
base  transistors,  superconductor  FETs,  and  vari¬ 
ous  novel  devices  [1].  In  particular,  the  growth  of 
such  structures  on  GaAs  substrate  is  technologi¬ 
cally  important,  because  of  high  electron  mobility 
in  GaAs.  which  may  enable  one  to  couple  high¬ 
speed  GaAs  devices  with  metal-base  transistors. 
Moreover,  semi-insulating  GaAs  is  available, 
which  is  indispensable  to  fabricate  monolithic  de¬ 
vices.  However,  there  have  been  only  few  reports 
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on  successful  fabrication  of  device-quality  semi¬ 
conductor/metal  heterostructures  on  GaAs  sub¬ 
strates  [1.2]. 

In  order  to  fabricate  device-quality  semicon¬ 
ductor/metal  heterostructures,  interdiffusion  be¬ 
tween  layers  should  be  suppressed.  We  have  ex¬ 
amined  Al  epitaxy,  since  Al  is  most  frequently 
used  as  a  Shottky  barrier  metal.  However,  the 
diffusion  of  Al  and  As  is  a  seriously  problem  in 
the  Al/GaAs  system  [3.4].  Hence  we  have  used 
AlAs  instead  of  GaAs  to  avoid  the  interdiffusion 
problem. 

In  this  paper,  we  report  the  growth  of 
AIAs/AI/AIAs  heterostructures  by  MBE  and 
MEE.  where  Al  and  the  underlying  AlAs  layers 
are  grown  by  MBE  and  the  successive  AlAs  layer 
by  MEE.  The  growth  processes  have  been  in¬ 
vestigated  by  RHEED.  TTie  following  points  are 
elucidated:  (1)  the  growth  processes  at  the  initial 
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stage  of  heteroepitaxy;  (2)  the  growth  processes  of 
meta)  layer  on  semiconductor  surfaces;  (3)  growth 
processes  of  semiconductor  layers  on  metal 
surfaces. 


2.  Experimental 

We  prepared  a  GaAs  buffer  layer  of  1-2  /am  at 
500-550°  C  on  Cr-doped  (001)  GaAs  with  a  con¬ 
ventional  MBE  system  (ANELVA  830S).  Subse¬ 
quently.  a  50  ML  thick  AlAs  layer  was  grown  at 
600°C,  which  showed  a  (2x4)  reconstruction 
pattern.  In  order  to  obtain  an  As-stabilized  surface 
at  room  temperature,  the  substrate  temperature 
was  cooled  down  to  room  temperature  after  the 
temperature  of  the  As  effusion  cell  was  cooled 
down.  Then  (2  x  4)  As-stabilized  or  occasionally 
c(4  X  4)  As-rich  AlAs  surfaces  were  obtained.  A 
(4x1)  Al-stabilized  surface  was  formed  by  a  brief 
do.se  of  Al  at  500  °C  under  reduced  As  back¬ 
ground  pressure.  After  the  reduction  of  the  back¬ 
ground  pressure  of  As.  the  substrate  was  cooled 
down  to  room  temperature.  The  deposition  of  Al 
was  carried  out  at  room  temperature  with  a  de¬ 
position  rate  of  2.7x10'“  atoms  cm  '  s  '  as 
determined  by  RHEED  oscillation,  after  the  back¬ 
ground  pressure  was  reduced  below  1x10“  Torr. 
After  the  growth  of  an  Al  layer,  the  temperature 
of  As  was  raised  again.  The  successive  AlAs  layer 
was  grown  at  room  temperature  by  MEE.  in  which 
the  shutter  sequence  was  set  as  follows;  As  of  1 
ML  (2.4  s)  <-»  interval  (5  s)  <-*  Al  of  1  ML  (2.4 
s).  This  period  was  repeated  100  times  to  grow  a 
100  ML  thick  AlAs  layer.  The  AlAs  layer  was 
covered  by  a  GaAs  capping  layer. 

The  evolution  of  RHEED  patterns  was  re¬ 
corded  by  a  RHEED  observation  system  to  in¬ 
vestigate  the  growth  process  of  Al  and  the  change 
in  lattice  spacing  at  the  surface.  The  RHEED 
observation  system  used  in  the  present  experiment 
is  described  elsewhere  [5].  but  with  a  better  resolu¬ 
tion  of  512  X  512  pixels  with  8  bit  intensity  data. 

Selected  films  were  subsequently  studied  by 
cross-sectional  transmission  electron  microscopy 
(TEM)  in  a  JEOL  400FX  400  keV  instrument.  The 
structural  quality  was  evaluated  with  double 
crystal  X-ray  diffraction  technique. 


3.  MBE  growth  of  Al  on  AlAs 

The  evolution  of  the  RHEED  pattern  during 
epitaxial  growth  of  Al  on  (OODAlAs  with  the  [110] 
azimuth  is  shown  in  fig.  1.  Al  was  grown  either  on 
an  As-stabilized  surface  (fig.  la)  or  on  an  Al- 
stabilized  surface  (fig.  lb).  The  RHEED  patterns 
after  growth  of  50  ML  thick  AlAs  prior  to  Al 
deposition  showed  twofold  reconstruction  indica¬ 
tive  of  (2  X  4)  reconstruction  on  an  As-stabilized 
surface  and  fourfold  reconstruction  indicative  of 
(4  X  2)  reconstruction  on  an  Al-stabilized  surface. 
On  commencing  the  Al  deposition,  the  streaky 
pattern  of  AlAs  gradually  disappeared  and  diffu¬ 
sive  diffraction  spots  corresponding  to  Al  growth 
began  to  appear.  A  clear  spotty  pattern  was  ob¬ 
served  at  the  deposition  of  ca.  80  X  10'“  Al 
atoms/cm'  or  approximately  10  ML  thick  Al 
layers. 

Fig.  2  shows  RHEED  patterns  of  an  Al  layers 
of  50  ML  grown  on  an  As-stabilized  .surface  whh 
azimuthal  directions  of  [110]  (fig.  2a)  and  [110] 
(fig.  2b).  Similar  RHEED  patterns  were  observed 
on  an  Al  layer  grown  on  an  Al-stabilized  surface. 
Figs.  2c  and  2d  show  corresponding  .schematic 
RHEED  patterns  with  indices.  From  this  analysis, 
the  orientation  relationship  of  Al  epitaxy  on  AlAs 
was  found  to  be:  (01 1  )[100]A1 1|(001  )[1 10]AlAs. 
that  is.  the  so-called  (Oll)Al-R  orientation  [6]. 
This  epitaxy  relationship  was  first  suggested  and 
demonstrated  by  Ludeke  et  al.  for  the  Al/GaAs 
heterostructure  [9].  It  is  interesting  to  note  that 
only  single  orientation  was  ob.served  from  the  very- 
beginning  of  Al  epitaxy  in  the  present  experi¬ 
ments.  although  it  was  reported  that  thin  Al  layers 
contain  domains  of  different  orientation  in  the 
Al/GaAs  epitaxy  [7.8].  As  the  deposition  pro¬ 
ceeded.  the  spotty  pattern  became  elongated. 
Eventually,  a  streaky  RHEED  pattern  was  ob¬ 
served  after  the  deposition  of  a  more  than  1000  A 
thick  Al  layer,  which  is  indicative  of  smoothing  of 
the  surface.  Moreover,  the  (001  )A1  surface  showed 
a  (4  X  I )  reconstruction  pattern  after  the  deposi¬ 
tion  of  a  3000  A  thick  layer,  which  confirms  the 
observation  by  Massies  and  Linh  [8].  The  ob¬ 
served  orientation  relationship  in  the  Al/AlAs 
epitaxy  is  the  same  as  the  orientation  relationship 
observed  for  Al/GaAs  at  high  temperature.  It  is 
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Fig.  I.  Evolution  of  RHEED  pattern  during  Al  growth  on  AlA-v  buffer  layers  with  (a)  A.s-slabilized  or  (b)  Al-stabilized  surfaces  with 
|I10|  azimuth.  In  (a),  pattern  (1)  is  a  RHEED  pattern  from  an  As-stabilized  surface,  while  patterns  (2)-(3)  are  tho.se  after  the 
deposition  of  Al.  (2)  7.6x10'*  Al  atom.s/cm':  (3)  17.9x10**  Al  atoms/cm';  (4)  25.5x10'*  Al  atoms/cm’;  (5)  75.5x10'*  Al 
atoms/cm'.  In  (b).  pattern  (I )  is  a  RHEED  pattern  from  an  Al-stabilized  surface,  while  patterns  (2)-(5)  are  those  after  the  deposition 
of  Al:  (2)  8.4x  lO'*  Al  alom.s/em';  (3)  19,7  x  lO'*  Al  atoms/cm';  (4)  2R.2x  lO'*  Al  atoms/cm';  (5)  84.0  X  lO'*  Al  atoms/cm'. 
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Fig,  2.  RHEED  patterns  of  a  200  A  thick  Al  layer  grown  on  an  As-stabilized  surface  with  (a)  |1101  and  (b)  |110|  azimuths;  (c),  (d) 
corresponding  schematic  RHEED  patterns  with  crystallographic  indices. 


suggested  [6]  that  the  latter  is  a  consequence  of 
strong  chemical  reaction  between  Al  and  As  lead¬ 
ing  to  Ga-As  bond-breaking  and  formation  of 


tetrahedral  Al-As  bond.  Hence,  it  is  natural  that 
the  (00])AI-R  orientation  becomes  dominant  in 
the  Al/AlAs  epitaxy. 
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Fig.  i.  Al  surface  lattice  spacings  along  (a)  (llOlAIAs  and  (b)  (llOlAIAs  directions  as  a  function  of  Al  flux:  (□)  on  As-stabilized 

surface;  (A)  on  Al-stabilized  surface. 
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With  the  orientation  relationship  of  Al  epitaxy 
on  AlAs  described  above,  the  lattice  misfit  along 
the  [lIOJAlAs  direction  of  AlAs  is  estimated  to  be 
28.3%  while  that  along  the  [llOJAlAs  direction  is 
1.3%.  Therefore,  it  is  expected  that  the  surface 
lattice  spacing  of  Al  along  the  [011]A1  ||[TlO]AlAs 
direction  shows  a  drastic  change  due  to  the  surface 
lattice  strain  relaxation  at  the  initial  stage  of  epi¬ 
taxy,  while  that  along  [100]A1  ||[110]AlAs  shows 
only  sight  change.  In  fig.  3a  is  plotted  the  surface 
lattice  spacing  of  an  Al  layer  along  the 
(lOOJAl  ||[110]AlAs  direction  against  Al  deposi¬ 
tion.  The  surface  lattice  spacing  remains  almost 
unchanged  and  the  onset  of  strain  relaxation  is 
hardly  observed.  In  fig.  3b,  the  variation  of  lattice 
spacing  at  the  surface  along  the  [OllJAl  ||[llO]AlAs 
during  growth  of  Al  is  plotted  against  the  amount 
of  Al  deposition  ( ).  The  surface  lattice  spacing 
of  Al  along  the  [OllJAl  |([110]AlAs  direction  at  the 
initial  stage  of  Al  growth  on  an  As-stabilized 
surface  coincides  with  that  of  AlAs  when  is 
less  than  A'^.,(As)  =  18.6  X  10'^  atoms  cm~^.  while 
it  decreases  abruptly  with  further  deposition  and 
eventually  reaches  that  of  bulk  Al  when  is 
larger  than  ~  21-5  X  10'^  atoms  cm"^.  On 

an  Al-stabilized  AlAs  surface,  the  surface  lattice 
spacing  of  Al  in  the  same  direction  coincides  with 
that  of  AlAs  when  is  less  than  A,;|(A1)  =  11  X 
10'^  atoms  cm"^.  while  it  agrees  with  that  of  bulk 
Al  when  is  larger  than  A,,2(A1)  =  16.8  X  10'^ 
atoms  cm“^.  The  surface  atom  density  of  Al  on 
(OOl)AlAs  and  (Oll)Al  surfaces  is  Qias  =  b.25  X 
10'^  atoms  cm“^  and  Qi  =  8.66  X  lO'^  atoms 
cm”^,  respectively.  We  note  that  =  3Caias 

and  A,2(As)  =  2Caia,  +  Ca,,  while  A,,(A1)  =  2Ca,a, 
and  A,,(A1)  =  Ca,as  +  ^a,. 

From  these  experimental  data,  we  propose  a 
model  for  the  initial  stage  of  growth  process  of  AJ 
on  AlAs.  On  depositing  Al  atoms  on  As-stabilized 
AlAs  surface,  Al  atoms  occupy  Al  sites  on  the 
AlAs  surface  due  to  tetrahedral  covalent  bonding 
between  Al  adatoms  and  As  on  the  surface.  It  is 
suggested  that  the  second  and  part  of  the  third  Al 
layers  occupy  the  As  and  Al  sites  of  (OOl)AlAs, 
respectively,  because  no  lattice  strain  relaxation 
occurs  until  Aai  =  A^ifAs)  =  3Caias-  Additional  Al 
deposition  of  more  than  3CAtAs  causes  lattice  strain 
relaxation  due  to  the  formation  of  Al  lattice. 


Deposition  of  Al  (10>^  Allcm^) 

Fig.  4.  The  inlensity  variation  of  the  (01)  diffraction  spot  al  the 
initial  stage  of  Al  epitaxy  with  k  ||[ri0]AlAs. 


The  surface  lattice  spacing  of  Al  along  the 
[OlTjAl  IIJllOJAlAs  direction  completely  relaxes 
at  around  Aa,  =  N^2^As)  =  2Caias  while 

that  along  the  [lOOJAl  ||[110]AlAs  shows  almost 
no  change.  Then,  the  third  layer  would  form 
a  (011)  Al  surface  with  a  relationship  of 
[OllJAl  lljilOJAlAs  and  [lOOJAl  |l[110JAlAs. 

The  first  and  part  of  the  second  Al  atomic 
layers  deposited  on  an  Al-stabilized  surface  would 
occupy  the  As  and  Al  sites  of  (OOl)ALAs,  respec¬ 
tively,  because  no  lattice  relaxation  occurs  until 
Aai  “  A,,i(Al)  =  2Caias.  On  depositing  more  Al 
atoms,  the  lattice  strain  begins  to  relax  due  to  the 
formation  of  Al  lattice  and  the  lattice  spacing  of 
Al  at  the  surface  along  the  [lOlJAl  HJllOJAlAs 
completely  relaxes  at  around  Aai  ~  ~ 

OaIAs  OaI-  while  the  lattice  spacing  of  Al  along 
the  [lOOJAl  IIJllOJAlAs  shows  almost  no  change. 
Therefore,  the  second  Al  layer  would  eventually 
form  a  (Oll)Al  surface  with  the  same  orientation 
relationship  as  on  an  As-stabilized  surface. 

Fig.  4  shows  the  intensity  variation  of  the  (01) 
diffraction  spot  at  the  initial  stage  of  Al  epitaxy 
on  the  As-stabilized  surface  with  the  electron 
azimuthal  parallel  to  [llOJAlAs.  Note  that  with 
this  azimuthal  direction,  the  change  in  lattice  spac¬ 
ing  at  the  initial  stage  of  growth  was  hardly  ob¬ 
served  (see  fig.  3a).  On  commencing  Al  deposition, 
the  intensity  of  the  diffraction  spot  initially  in¬ 
creases  and  reaches  a  maximum  at  the  deposition 
of  ca.  6x10'*  Al  atoms/cm^  ( =  Caias)-  after 
which  the  intensity  decreases  and  becomes  mini¬ 
mum  at  the  deposition  of  13  X  lO'*  atoms/cm^ 
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Fig.  5,  Cross-sectional  TEM  image  of  the  interface  between  A1  and  AlAs. 


( =  More  deposition  monotonically  in¬ 

creases  the  diffraction  intensity.  Such  behavior 
suggests  that  the  first  and  the  second  A1  layers 
grow  two-dimensionally.  while  the  three-dimen¬ 
sional  growth  starts  during  growth  of  the  third  A1 
layer. 

The  Al/AlAs  structure  characterized  during 
growth  by  RHEED  in  fig.  1  was  imaged  in  the 
cross-sectional  TEM  micrograph  of  fig.  5.  The 
direction  of  the  atom  rows  in  A1  and  AlAs  epi- 
layers  is  consistent  with  the  observed  epitaxy  rela¬ 
tionship.  For  instance,  the  [112]AlAs  direction  is 
perpendicular  to  the  [211JAI  direction.  The  inter¬ 
face  is  relatively  smooth  on  an  atomic  scale,  and 
the  intrusion  of  As  into  Al  layers  is  not  observed. 
The  initial  accommodation  of  Al  without  an  ex¬ 
change  reaction  and  its  position  corresponding  to 
that  of  AlAs  does  not  contradict  with  the  model. 
On  the  other  hand,  in  an  Al  layer  at  around  the 
interface,  almost  periodic  array  of  dislocations, 
which  relax  the  lattice  strain  in  Al.  were  observed 
by  the  electron  microscope. 

We  have  characterized  Al  epilayers  by  double 
crystal  X-ray  diffraction  technique.  The  diffrac¬ 
tion  showed  only  (220)  reflection  which  is  con¬ 
sistent  with  the  observed  epitaxy  relationship.  The 
full  width  at  half  maximum  of  the  X-ray  rocking 
curve  of  (220)  diffraction  from  a  3(X)0  A  thick  Al 
layer  was  0.06'’.  Although  this  value  is  lager  than 
that  of  the  GaAs  substrate  (0.013'’ ),  which  implies 


that  the  Al  epilayer  contains  more  crystalline  im¬ 
perfection  than  GaAs,  it  would  be  possible  to 
apply  the  epitaxial  Al  film  to  device  applications. 


4.  MEE  growth  of  AlAs  on  Al 

In  order  to  avoid  interdiffusion  of  As  into  the 
Al  layer.  AlAs  was  successively  grown  at  room 
temperature  on  an  Al  epilayer.  Fig.  6  shows  the 
evolution  of  the  RHEED  pattern  during  AlAs 
deposition  with  the  azimuthal  of  [llOJALAs  direc¬ 
tion.  On  commencing  AlAs  growth,  the  streaky 
RHEED  pattern  changes  into  a  diffusive  spotty 
one  with  weakened  intensity,  which  suggests  the 
growth  of  single  crystalline  AlAs  film  in  an  island 
growth  mode.  The  observed  epitaxy  relationship 
in  the  AlAs/ As  system  was  (001)[110]AlAs  ||(011) 
[lOOJAl.  which  implies  that  the  AlAs  overgrowth 
has  the  same  crystallographic  orientation  as  the 
GaAs  substrate. 


5.  Conclusions 

The  structure  and  growth  processes  of  single 
crystal  Al  layers  on  AlAs  by  MBE  and  of  AlAs 
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Fig.  6.  Evolution  of  RHEED  pattern  during  AlAs  deposition 
with  k  1|(T10)A1As:  (a)  Al  single  crystal  layer;  (b)  20  ML  thick 
AlAs  layer:  (c)  100  ML  thick  AlAs  layer. 

layers  successively  grown  by  MEE  on  the  Al  layers 
were  studied  using  RHEED.  The  epitaxy  relation¬ 
ships  of  Al  on  AlAs  and  AlAs  overgrowth  on  Al 


are  (01 1)[100]A1  |1  (001  )[1  lOJAlAs  and 
(001)[110]AlAs  II  (011)[100]Al,  respectively.  The 
surface  Jattice  spacing  of  Al  along  the 
[011]A1  l|[110]AlAs  direction  suffers  from  abrupt 
lattice  relaxation  at  the  deposition  of  18.6  X  10'“' 
Al/crn^  and  11  X  10''*  Al/cm^,  respectively  on  an 
As-  and  Al-stabilized  AlAs  and  completely  relaxed 
at  the  deposition  of  21.5  X  10*''  and  16.8  x  10'“ 
Al/cm^,  respectively  on  the  As-  and  Al-stabilized 
surfaces.  However,  that  along  the  [100]A1 1|[110] 
AlAs  remains  almost  unchanged.  It  is  suggested 
that  initially  deposited  2(1)  ML  thick  Al  layers 
form  a  sphalerite  lattice  with  the  same  lattice 
spacing  as  AlAs  on  As-  (A1-)  stabilized  AlAs.  and 
that  the  deposition  of  additional  Al  layers  induced 
the  relaxation  of  lattice  misfit  strain  and  formed 
an  fee  lattice  with  bulk  Al  lattice  constant.  No 
interdiffusion  of  As  into  Al  was  observed  in  terms 
of  TEM  observation.  Single  crystal  AlAs  grows  on 
the  Al  epilayer  in  an  island  growth  mode. 
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Strained  layer  epitaxy  of  InGaAs  by  MBE  and  migration  enhanced 
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Our  measurements  on  a  series  of  pseudomorphic  n-lype  modulation  doped  field  effect  transistors  have  shown  that  the  mobility  of 
the  two-dimensional  carriers  appears  to  suffer  from  increased  interface  roughness  as  the  strain  increases.  Reflection  high  energy 
electron  diffraction  oscillation  studies  in  In,Ga,^,As  grown  by  molecular  beam  epitaxy  show  that  as  the  strain  in  the  overlayer 
increases,  the  growth  modes  change  from  layer-by-layer  to  three-dimensional  island  growth.  However,  in  migration  enhanced  epitaxy, 
we  find  that  the  growth  remains  in  the  layer-by-layer  mode  even  for  high  strain.  Reflection  high  energy  electron  diffraction 
oscillations  also  show  that  surface  roughness  in  strained  layers  grown  by  molecular  beam  epitaxy  can  be  smoothed  by  just  a  few 
monolayers  grown  by  migration  enhanced  epitaxy.  This  suggests  that  for  pseudomorphic  devices  most  of  the  strained  active  layer 
might  be  grown  by  molecular  beam  epitaxy  but  just  a  few  monolayers  oefore  interface  formation  by  migration  enhanced  epitaxy  to 
produce  an  abrupt  interface.  Our  device  results  validate  this  observation. 


1.  Introduction 

increased  efforts  have  concentrated  on  the 
growth  of  pseudomorphic  heterostructure  systems, 
including  ln,Ga,  ^  ,  As/AlGaAs  (on  GaAs  sub¬ 
strates)  and  In|,5,.^,Ga(,47As/lny5iAlu4sAs  (on 
InP  substrates).  Modulation  doped  field  effect 
transistors  (MODFETs)  based  on  these  pseudo¬ 
morphic  heterostructures  have  several  advantages 
over  their  lattice-matched  counterparts  [1.2].  Pseu¬ 
domorphic  MODFETs  contain  a  highly  strained 
pseudomorphic  quantum  well  channel.  It  is  ex¬ 
tremely  important  to  understand  the  epitaxial 
growth  modes  of  such  highly  strained  layers,  since 
the  growth  modes  control  the  growth  front  and 
interface  roughness.  The  latter,  in  turn,  controls 
the  transport  properties  of  the  pseudomorphic 
channel  and  ultimately  the  device  performance 
[3.4).  In  this  study  we  have  investigated  the  suita¬ 
bility  of  molecular  beam  epitaxy  (MBE),  and  its 
variation,  commonly  known  as  migration  en¬ 
hanced  epitaxy  (MEE),  for  the  realization  of  high 
quality  pseudomorphic  heterostructures. 


2.  Growth  modes  in  molecular  beam  epitaxy 

In  the  growth  of  In,Ga,_  ^  As  by  MBE,  since 
atoms  and  molecules  (Ga,  In,  AS4)  impinge  ran¬ 
domly  on  the  substrate,  kinetics  and  thermody¬ 
namics  both  play  important  roles  in  establishing 
the  growth  modes.  Thermodynamic  parameters 
such  as  surface  bond-strengths  and  substrate  tem¬ 
perature  (free  energy  =  internal  energy  -  T^^t,  x 
entropy)  decide  whether  in  equilibrium  the  surface 
is  atomically  abrupt  or  three-dimensional  in  na¬ 
ture.  Kinetic  parameters  (surface  migration  and 
evaporation)  decide  whether  the  thermodynamical 
equilibrium  is  reached.  If  the  surface  migration 
rate  of  the  impinging  atoms  is  high  and  thermody¬ 
namics  favor  an  atomically  abrupt  surface,  a 
layer-by-layer  growth  mode  results.  On  the  other 
hand  if  the  surface  kinetics  are  very  small  or  the 
thermodynamics  equilibrium  state  is  not  atomi¬ 
cally  flat,  a  three-dimensional  growth  mode  will 
result  [5].  These  growth  modes  can  be  studied 
in-situ  by  reflection  high  energy  electron  diffrac¬ 
tion  (RHEED)  oscillation  studies  [6,7].  In  (100)- 
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oriented  growth,  the  energy  difference  between  an 
atomically  abrupt  and  a  rough  surface  results  from 
second  neighbor  bondstrengths  under  the  ap¬ 
propriate  surface  reconstruction.  In  absence  of 
biaxial  strain,  if  the  second  neighbor  bond  energy 
to,  is  larger  than  the  equilibrium  state  is 

atomically  abrupt  and  a  layer-by-layer  growth 
mtKie  can  result  if  the  surface  kinetics  are  suffi¬ 
ciently  high  (8).  In  figs,  la  and  lb  we  show 
RHb.FD  oscillations  for  the  lattice  matched  growth 
of  GaAs  and  In,, ^,Ga,i4TA.s  on  InP.  As  can  be 
seen  from  the  sustained  oscillations,  layer-by-layer 
growth  occurs. 

In  strained  system,  besides  the  second  neighbor 
bond  energy.  u>,.  one  has  to  consider  the  strain 
energy  in  determining  the  thermodynamic  equi¬ 
librium  state.  Using  a  simple  model  and  energy- 


minimization  techniques  we  have  shown  that  the 
surface  prefers  'o  be  formed  from  islands  rather 
than  have  an  atomically  flat  profile  and  that  the 
height  (in  monolayers)  of  the  islands  is  given  by 


n  s  2 - T- 

w,  ci^. 


(1) 


where  taj/taj  is  the  ratio  of  the  nearest  to  second 
neighbor  bond  energies.  Rt,  is  the  substrate  lattice 
constant  and  is  the  critical  thickness.  At  criti¬ 
cal  thickness  the  strain  energy  equals  the  disloca¬ 
tion  formation  energy.  For  lattice  matched  system 
(d^  -*  3c).  n  goes  to  zero.  i.e..  to  an  atomically  flat 
surface.  However,  as  the  value  of  d^  decreases 
(i.e..  the  lattice  mismatch  increases)  we  expect  a 
three-dimensional  surface.  In  figs.  Ic  and  Id  we 
have  shown  RHEED  oscillation  data  for  growth 
of  strained  In,,  (GanjAs  on  GaAs  and  InGaAs  on 
InP.  respectively.  As  can  be  seen  from  this  figure, 
in  presence  of  strain  the  layer  grows  in  a  3D  mode 
which  is  reflected  by  the  .abrupt  decay  of  the 
RHEED  o.scillations. 


3.  Migration  enhanced  epitaxy 

Since  the  minimum  free  energy  for  a  strained 
.system  favors  a  3D  surface,  the  growth  of  strained 
.systems  cannot  be  improved  by  simply  enhancing 
the  surface  migration  rate  of  the  adatoms.  One 
expects  the  free  energy  to  depend  upon  the  surface 
reconstruction  during  growth.  In  MBE  the  surface 


nfTie.s 

Pig.  2-  RHP.hl)  iiscillatitins  ohscrs'cd  during  growth  I'f  In,, . 
Gil,, ,.A.s  bv  Ml  I'. 
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Fig.  3.  RHEED  oscillations  observed  during  growth  of  In^j 
Ga(,gAs  with  first  fifteen  monolayers  grown  by  MBE  then 
followed  immediately  by  MEE. 

is  anion  stabilized  with  a  (2  X  4)  or  c(2  X  8)  recon¬ 
struction.  It  is  therefore  important  to  examine 
other  possible  surface  reconstructions  which  might 
change  the  surface  chemical  energy.  Since  MBE  of 
Ill-V  semiconductors  cannot  be  carried  out  under 
cation-rich  conditions  because  the  excess  cation 
causes  non-stoichiometric  growth,  a  practical  ap¬ 
proach  is  migration  enhanced  epitaxy  (MEE) 
[9.10], 

During  MEE  growth,  group  III  and  group  V 
fluxes  are  delivered  alternately  by  shutter  control. 
The  surface  reconstruction  thus  alternates  between 
cation  and  anion  stabilized.  If  the  shutter  opening 
time  is  adjusted  such  that  one  monolayer  of  atoms 
are  deposited  in  each  shutter  opening,  layer-by- 


layer  growth  is  possible,  with  long-lasting  oscilla¬ 
tions.  Shown  in  fig.  2  are  the  observed  RHEED 
oscillations  for  growth  of  Ino,2Gao.g^  MEE. 
Differences  in  RHEED  patterns  between  MBE 
and  MEE  are  also  observed  for  In  jGa,_  jAs  with 
X  =  0.3.  In  MBE  growth,  the  RHEED  pattern 
becomes  spotty  after  a  few  monolayers  are  de¬ 
posited.  During  MEE,  the  pattern  remains  streaked 
even  after  20  monolayers,  suggesting  the  growth  is 
two-dimensional.  RHEED  studies  also  show  that 
surface  roughness  in  strained  layers  grown  by 
MBE  can  be  smoothed  by  just  a  few  monolayers 
overgrown  by  MEE,  as  evidenced  by  the  restora¬ 
tion  of  strong  oscillations  (fig.  3).  This  suggests 
that  for  pseudomorphic  devices  most  of  the 
strained  active  layer  might  be  grown  by  MBE  and 
just  a  few  monolayers  before  interface  formation 
by  MEE  to  produce  an  abrupt  interface. 


4.  Transport  properties  and  device  performance 

We  have  carried  out  experiments  on  both 
GaAs-based  and  InP-based  pseudomorphic 
MODFET  heterostructures.  We  will  first  discuss 
the  results  obtained  from  InP-based  structures 
grown  by  MBE.  The  schematic  of  a  typical  InP- 
based  structure  is  shown  in  fig.  4a.  The  sheet 
electron  density  in  all  the  samples  varied  in  the 
range  (2.0  x  3.2)  x  10'"  cm  “.  In  fig.  4b  we  show  a 
plot  of  the  300  and  77  K  mobilities  versus  excess 
In  content  in  the  channel.  MODFETs.  with  0.8 
pm  gate  stripes,  were  fabricated  on  the  hetero- 
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Fig.  4  (a)  Sthemalic  of  MBE-grown  n-lype  pseudomorphic  MODFF.T  on  InP.  (b)  Flail  mobilities  of  pseudomorphic  MODFETs  with 

increasing  indium  content  in  the  channel  at  77  and  300  K. 
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Table  1 

DC  and  microwave  characteristics  of  0.8  x  150  gate  MOD- 
FETs  with  pseudomorphic  In^Gai  _  ^As/Ino52Alo4gAs  quan¬ 
tum  wells 


.V 

8^m.max 

(mS/mm) 

^ds.tnax 

(mA/mm) 

/t 

(GHz) 

f 

J  nax 

(GHz) 

53 

440 

530 

30 

44 

60 

390 

270 

30 

40 

65 

510 

500 

40 

52 

70 

550 

510 

45 

62 

75 

370 

310 

36 

47 

80 

430 

270 

41 

50 

85 

400 

420 

33 

51 

structures  by  standard  photolithography  and  liftoff 
techniques.  All  the  samples  exhibited  good  pinch- 
off  characteristics  and  output  conductances  in  the 
range  of  10  to  25  mS/mm.  The  devices  were 
biased  near  their  peak  value  for  microwave 
measurements.  From  the  measured  S-parameter. 
the  extrinsic  values  of  fj  and  extrapo¬ 

lated.  Table  1  shows  the  summary  of  DC  and 
microwave  characteristics  measured  for  each  of 
the  samples.  The  good  DC  and  microwave  results 
indicate  the  high  quality  of  these  layers. 

The  trend  in  the  mobility  data  as  a  function  of 
In  content  observed  by  us  -  an  initial  increase 
followed  by  a  decrease  at  higher  values  of  strain 
(In  content)  -  has  been  observed  by  other  authors 
[11].  Since  the  carrier  ma.ss  is  not  expected  to  show 
a  turnaround,  to  explain  the  mobility  data  it  is 
important  to  examine  other  scattering  mecha¬ 
nisms.  The  dominant  mechanisms  which  could 
explain  the  decreased  mobility  at  higher  In  com¬ 
position  are  interface  scattering  and  alloy  scatter¬ 
ing.  For  the  GaAs  based  structures,  the  alloy 
scattering  continuously  increases  as  In  composi¬ 
tion  x  is  increa.sed  (since  a  l/.v’(l  -  jr)’). 
However,  for  the  InP  ba.sed  systems  the  alloy 
scattering  should  decrea.se  since  the  alloy  scatter¬ 
ing  peaks  for  a  50 : 50  alloy,  assuming  the  mass 
does  not  vary.  Thus  unless  some  unusual  cluster¬ 
ing  effects  occur  in  strained  epitaxy,  one  has  to 
consider  interface  roughness  as  the  .source  of  the 
turnaround  in  mobility  as  the  excess  In  composi¬ 
tion  increases  beyond  '  15^,.  The  interface 


roughness  scattering  can  be  described  by  the 
scattering  rate  [4]: 

1  7re‘*w*  •  .2  , 

l32'^s^  /  sm  <l>)  d<t>.  (2) 

T  « .to 

where  is  the  sheet  charge  density.  A  is  the 
height  of  the  3D  island  describing  the  interface 
roughness,  L  is  the  lateral  extent  of  the  island, 
and  fcp  is  the  Fermi  vector.  From  the  discussion 
section  2  we  expect  A  to  increase  abruptly  when 
the  strain  increases  ~  1%.  We  expect  that  if  A 
increase  to  ~  4  monolayers  around  this  value  of 
strain,  the  mobility  decreases  at  high  In  content 
can  be  accounted  for.  The  RHEED  data  of  figs.  Ic 
and  Id  suggest  that  this  is  quite  likely  the  case. 
The  existence  of  point  defects  is  possible,  but  is 
difficult  to  identify.  However,  in-situ  scanning 
tunneling  microscopy  (STM)  data  for  In,)  xxOa^fix 
As  on  GaAs  did  clearly  show  that  3D  growth 
occurs  in  the  case  of  strained-layer  epitaxy  with 
large  misfits.  This  supports  our  RHEED  measure¬ 
ment  results. 

A  MODFET  grown  by  the  MEE  technique 
should  suffer  less  from  interface  roughness  .scatter¬ 
ing  and.  thus,  have  improved  transport  properties. 
To  verify  this  argument,  we  have  compared  the 
properties  of  GaAs-ba.sed  Al,,  ,Ga,)7As/ In,)  ; 
Ga„7,As  MODFETs  with  100  A  In„;GausAs 
channels.  In  one  .set  the  entire  structure  is  grown 
by  MBE  at  560  °C  while  in  the  other  the  last  five 
monolayers  of  the  Iny.GauxAs  channel  is  grown 
by  MEE  at  560  °C.  The  latter  exhibits  improved 


Fig.  5.  Hall  mobilitv  as  a  function  of  temperature  in  Al„  > 
Oa„7As/In,i  ,(ja„xAs  MODFF.T  structures  grown  by  MBF 
and  MEF.. 
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mobilities  at  temperatures  ranging  from  13  to  300 
K  (fig.  5).  The  channel  electron  density  in  the  two 
structures  is  —  1.5  X  lO'"  cm“^.  1  /im  gate  MOD- 
FETs  made  of  the  MEE  samples  also  show  im¬ 
proved  DC  transconductance  and  microwave  per¬ 
formance.  For  example,  at  room  temperature  g„, 
=  108  and  59  mS/mm  in  the  devices  grown  by 
MEE  and  MBE,  respectively.  Note  that  the  low 
values  are  partly  due  to  the  low  electron  densities 
and  part  of  the  difference  is  due  to  process  varia¬ 
tion.  In  this  MODFET  structure,  the  modulation- 
doped  layer  has  thickness  of  150  A  and  nominal 
doping  concentration  of  2  X  10'*cm"  ’.  The  spacer 
layer  has  thickness  of  120  A.  This  structure  was 
intended  for  high  electron  mobility  in  the  channel. 
For  higher  current  capability  and  g„,  we  would 
increase  the  doping  level  and  reduce  the  spacer 
thickness.  We  have  also  made  0.2  /im  gate 
In,)7GamAs/Ino j2'^lo48'^s  MODFETs  with  the 
channel  grown  by  MEE.  The  measured  g„  and 
are  570  mS/mm  and  140  GHz.  respectively, 
showing  the  suitability  of  the  MEE  technique  for 
realizing  high-performance  devices. 


5.  Conclusions 

In  conclusion,  we  have  addre.ssed  the  issue  of 
growth  modes  in  MBE  grown  strained  layers  in 
the  context  of  the  performance  characteristics  and 
transport  properties  of  p.seudomorphic  MOD- 
FETs.  The  advantages  of  MEE  over  MBE  are  also 
discussed.  From  RHEED  oscillation  measure¬ 
ments  and  energy  minimization  considerations  it 
is  apparent  that  once  the  misfit  strain  in  the 
InGaAs  channel  increa.ses  above  ~  1. 5-2.0^,  the 
growth  (x:curs  in  a  3D  island  mode,  leading  to  a 


rough  interface.  From  RHEED  oscillation  studies 
we  note  that  it  is  possible  to  achieve  layer-by-layer 
growth  even  at  high  strain  by  MEE.  MODFETS 
with  the  last  several  monolayers  of  the  channel 
grown  by  MEE  also  exhibit  better  performance 
than  those  with  entire  structure  grown  by  MBE. 
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Migration-enhanced  epitaxy  (MEE)  has  been  employed  successfully  to  grow  high  quality  GaAs  buffer  and  InGaAs  channel  layers 
at  300  °C.  Planar-doped  GaAs  MESFETs  with  a  thin  MEE  GaAs  buffer  layer  have  been  fabricated  for  comparison  with  devices 
using  conventional  MBE  buffers.  Our  preliminary  data  indicate  that  the  MEE  buffer  alternative  offers  reduced  side-gating  effect, 
lower  output  conductance,  better  pinchoff  characteristics  and  higher  channel  current.  RE  measurements  indicate  an  improvement  in 
output  power  density,  gain  and  efficiency  for  the  MEE-buffered  MESFETs.  High  electron  mobility  transistor  (HEMT)  devices 
fabricated  on  modulation-doped  pseudomorphic  AIGaAs/lnGaAs/GaAs  heteroslructures  with  a  thin  MEE  buffer  layer  yield  higher 
transconductance  (g„),  transistor  gain,  and  unity  current  gain  cutoff  frequency  (/j)  compared  to  the  conventional  MBE-buffered 
devices.  Moreover.  HEMT  devices  with  an  MEE  InGaAs  channel  grown  at  300  "C  achieve  comparable  g„  and  /r  to  those  with  a 
conventional  MBE  channel  grown  at  ~500°C.  Critical  layer  thickness  of  InGaAs  on  GaAs  using  the  MEE  method,  under  the 
growth  conditions  reported  here,  is  found  to  exceed  that  of  MBE. 


1.  Introduction 

Migration-enhanced  epitaxy  (MEE).  first  intro¬ 
duced  by  Horikoshi  et  al.  [Ij  in  1986  as  an  alterna¬ 
tive  to  conventional  molecular  beam  epitaxy 
(MBE).  has  stimulated  a  great  deal  of  interest  due 
to  its  two-dimensional  layer-by-layer  growth 
mechanism  and  low  substrate  growth  tempera¬ 
tures.  This  method  has  been  employed  succe 
fully  to  grow  high  quality  materials  such  as  Ga.  s 
[1.2],  GaAs/AlGaAs  [3],  AlAs/GaAs  [1],  or 
InAs/GaAs  [4]  quantum-well  layers  and  to  reduce 
surface  morphological  defects  [5],  Recently,  Tadar 
yon  et  al.  [6]  reported  improved  electron  transport 
properties  of  Si-doped  GaAs  by  the  MEE  method. 
Nevertheless,  no  beneficial  effects  on  device  per¬ 
formance  using  this  technique,  to  our  knowledge, 
have  been  reported. 

In  this  paper,  we  demonstrate  improved  DC 
and  RF  performance  of  the  devices  incorporating 
MEE  buffer  layers,  and  also  report  for  the  first 
time  the  results  using  MEE  InGaAs  channel  layers 
based  on  our  preliminary  data.  Results  of  Hall 


effect,  photoluminescence  (PL),  and  transmission 
electron  microscopy  (TEM)  are  discussed.  The 
critical  layer  thickness  of  InGaAs  on  GaAs  using 
MEE  and  MBE  methods  are  compared. 

2.  Material  growth  and  measurements 

All  of  the  samples  were  grown  in  a  Varian 
Gen-II  reactor  on  (100)  LEC  GaAs  substrates  and 
yielded  good  surface  morphology.  The  beam  flux 
intensities  were  set  to  (4.3-6. 3)  X  10'^  and  (l.I- 
1.8)  X  10''*  cm““  s  '  for  Ga  and  In  respectively. 
The  As^  beam  equivalent  pressure  was  about  6  x 
lO'*’  Torr.  A  substrate  temperature  of  300  °C  was 
utilized  for  all  of  the  MEE  layers  except  as  men¬ 
tioned.  Group  ill  and  Group  V  beam  fluxes  were 
alternately  supplied  to  the  growing  substrate  with 
no  interruption  between  switching.  For  instance, 
for  the  growth  of  InGaAs  layers,  Ga  and  In 
shutters  were  opened  simultaneously.  The  In  con¬ 
tent  was  based  on  the  calibration  of  the  conven¬ 
tional  MBE  InGaAs  layer. 
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Fig.  1 .  Layer  structure  of  planar-doped  GaAs  MESFET  with  a 
0.15  pm  MEE  buffer  layer. 

A  simple,  non-optimized  layer  structure  of  the 
planar-doped  GaAs  MESFET.  with  a  thin  MEE 
GaAs  buffer  layer,  is  shown  schematically  in  fig. 
1.  All  the  MBE  layers  in  the  MESFET  structure 
were  grown  at  600  °C.  Fig.  2  shows  the  AlGaAs/ 
InGaAs/GaAs  pseudomorphic  HEMT  hetero¬ 
structures  with  an  MEE-grown  InGaAs  channel 
layer.  Modulation  doping  was  provided  by  silicon 
atomic  planar  doping  at  a  concentration  of  5  x 
10'‘  cm''  on  top  of  a  40  A  thick  undoped  Al 
GaAs  spacer  layer.  The  MBE  buffer  layer  was 
grown  at  600  “C;  the  rest  of  the  layers,  except  for 
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Fig.  2.  Layer  structure  of  AIGaAs/InGaAs/GaAs  pseudomor¬ 
phic  HEMT  with  an  MEE  channel  layer. 


the  MEE  InGaAs  layer,  were  grown  at  480- 
520  °C. 

The  samples  were  characterized  by  Hall  effect, 
PL,  and  TEM.  The  Hall  effect  samples  were  step- 
etched  to  the  point  of  maximizing  the  measured  77 
K  electron  mobility  in  order  to  minimize  the  effect 
of  parallel  conduction  in  the  GaAs  and  AlGaAs 
overlayers.  TEM  measurements  were  performed 
on  cross-sectional  samples  utilizing  both  bright 
field  and  dark  field  imaging  modes.  Plan-view 
imaging  utilized  two-beam  diffracting  conditions 
in  the  bright  field  mode  for  assessing  dislocation 
densities  down  to  a  detection  limit  of  10“  cm“^. 


3.  Device  fabrication 

Devices  were  fabricated  on  planar-dop)ed  GaAs 
MESFETs  shown  in  fig.  1  with  a  thin  MEE  buffer 
layer  in  comparison  with  the  conventional  MBE 
buffer,  with  a  0.7  jim  gate-length.  The  gate-width 
and  source-drain  separation  were  150  and  4  pm, 
respectively.  For  side-gating  experiments,  the 
gate-width  was  reduced  to  50  pm  with  a  25  pm 
separation  between  pads.  The  mesa  isolation 
breakdown  voltages  were  measured  at  10  pm  spac¬ 
ing  between  mesas,  after  etching  the  mesas  0.15 
pm  past  the  planar  doped  active  layer.  150  pm 
wide  HEMTs.  with  layer  structure  as  illustrated  in 
fig.  2,  with  0.15  pm  T-shaped  gates  were  also 
fabricated  by  E-beam  lithography.  The  ohmic  con¬ 
tacts  were  formed  by  alloyed  AuGeNi  and  the 
gates  by  non-alloyed  Ti/Pt/Au. 


4.  Material  characteristics  and  device  results 

For  the  0.7  pm  gate-length  MESFETs.  though 
the  extrinsic  transconductances.  are  compara¬ 
ble,  200  and  210  mS/nun  for  MBE-  and  MEE- 
buffered  devices  respectively,  the  general  trend  is 
that  the  MEE-buffered  devices  offer  lower  output 
conductance,  better  pinchoff  characteristics,  and 
higher  saturation  channel  current  (  ^dss  )•  as  sum¬ 
marized  in  table  1.  The  mesa  isolation  breakdown 
voltage  of  45  V  was  obtained  for  the  MEE-buffered 
devices  in  comparison  with  a  typical  30  V  for 
conventional  MBE  buffer. 
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Table  1 

DC  results  of  0.7  planar-doped  MESFETs 


Buffer 

^dss 

1/ 

^  pinchoff 

Mesa 

(mS/mm) 

(mA) 

(V) 

breakdown 

(V) 

MEE 

210 

50 

2.0-2.5 

45 

MBE 

200 

45 

2.5-3.5 

30 

Fig.  3  shows  the  side-gating  characteristics  for 
the  devices.  With  the  gate  grounded,  the  channel 
current  /j,  was  measured  at  =  2.5  V  as  a 


function  of  side-gate  voltage.  The  /j*  was  then 
normalized  to  the  As  can  be  seen  in  the 
figure,  the  MEE  buffer  layer  eliminates  the  side¬ 
gating  effect  up  to  a  side  gate  voltage  of  about  6 
V.  then  the  los/iois  decreases  monotonically 
with  increasing  voltage.  Note  that  the  thickness  of 
the  MEE  buffer  layer  used  in  this  study  is  only 
0.15  jam.  Further  reduction  of  side-gating  effect 
can  be  expected  by  using  a  thicker  MEE  buffer 
layer. 

Table  2  summarizes  the  RF  results  of  power 
and  gain  performance  at  10  GHz  for  0.7  fim 


Fig.  3.  Side-gating  characteristics  for  0.7 /im  planar-doped  MESFETs  with  an  MEE  buffer  or  an  MBE  buffer. 


Table  2 

RF  results  for  0.7  planar-doped  MESFETs  measured  at  10  GHz 


Buffer 

Fa. 

Maximum  PAE 

Gain 

Output  power  density 

MSG  or  MAG 

(V) 

(%) 

(dB) 

(W/mm) 

(dB) 

MEE 

5.5 

35.8 

7.1 

0.34 

13.6 

MBE 

5.5 

26.0 

5.6 

0.27 

12.5 

Table  3 

77  K  Hall  effect  and  growth  data  for  modulation-doped  In  ,Ga, 

_,As  HEMTs 

Sample 

No. 

X 

Thickness 

(A) 

Growth 

method 

Growth 

temperature 

(®Q 

Mobility 

(cmVVs) 

Sheet  charge 

density 

(cm'') 

791 

0.30 

80 

MEE 

480 

1000 

797 

0.30 

80 

MEE 

300 

10000 

2.6x10’= 

1041 

0.22 

100 

MEE 

520 

1200 

1043 

0.22 

100 

MEE 

300 

16700 

2.3X10'= 

1044 

0.22 

100 

MBE 

300 

2800 

1.9X10'= 

1046 

0.22 

100 

MBE 

520 

14700 

2.6x10'= 

1049" 

0.22 

100 

MBE 

520 

15100 

3.0X10'= 

With  an  MEE  buffer  layer  grown  at  300  ®C. 
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planar-doped  MESFETs.  All  the  measurements 
were  done  at  the  bias  conditions  where  the  maxi¬ 
mum  power-added  efficiencies  (PAEs)  were  ob¬ 
tained.  Significant  improvements  in  output  power 
density,  gain  and  efficiency  can  be  seen  and  dem¬ 
onstrate  the  superior  performance  utilizing  MEE 
buffer  layers.  The  maximum  stable  gain  (MSG) 
and  maximum  available  gain  (MAG)  values  de¬ 
termined  from  the  S-parameter  measurements  also 
illustrate  an  improved  gain  for  the  MEE-buffered 
devices. 

Table  3  lists  Hall  effect  data  for  the  AlGaAs/ 
InGaAs/GaAs  pseudomorphic  HEMTs  with  an 
MEE  or  an  MBE  InGaAs  channel  layer  grown  at 
various  temperatures.  As  shown  in  the  table,  the 
low  growth  temperatures  are  optimal  for  the  MEE 
InGaAs  layers,  while  for  the  MBE  channel  growth, 
the  temperature  has  to  be  high  ( >  470  °  C).  The 
degradation  in  electron  mobility  correlates  with 
the  dislocations  a.-;  detected  by  TEM,  or  the  In¬ 
GaAs  quantum  well  emissions  by  PL.  Cross-.sec- 
tional  TEM  image  of  sample  791  shows  a  high 
defect  density.  The  wavy  contrast  observed  at  the 
InGaAs/AIGaAs  interface  is  due  to  interface 
roughness  [7,8].  Planar  faults  and  threading  dislo¬ 
cations  extend  from  the  InGaAs/AIGaAs  inter¬ 
face  toward  the  top  surface  of  the  sample.  4  K  PL 
scans  show  no  emissions  attributed  to  the  quan¬ 
tum  well.  Sample  1044  with  an  InGaAs  channel 
grown  by  MBE  at  3(X)°C  yields  a  77  K  Hall 
mobility  of  only  2800  cm‘/V  •  s  (see  table  3). 
Though  cross-sectional  TEM  micrographs  of  this 
sample  are  defect-free,  point  defects  may  still  ex¬ 
ist.  Plan-view  TEM  shows  some  interfacial  dislo¬ 
cations.  Again,  there  is  no  PL  quantum  well  emis¬ 
sion  from  this  sample.  Samples  1043,  1046  and 
1049,  on  the  other  hand,  with  good  77  K  Hall 
mobility  and  PL  emi.ssions.  show  no  dislocations 
in  the  cross-sectional  TEM  images,  or  in  the  plan- 
view  mode  down  to  a  detection  limit  of  10^  cm^^. 
The  InGaAs  channel  in  samples  1043,  1044,  1046 
and  the  MEE  buffer  layer  in  sample  1049  have 
been  carefully  examined  using  high  resolution 
TEM  imaging.  Sample  1049  is  similar  to  the  other 
layers  except  for  a  0.15  /im  thick  MEE  buffer 
grown  directly  on  the  substrate  and  subsequently 
overgrown  with  a  0.85  ^m  thick  MBE  GaAs  layer. 
No  evidence  of  arsenic  precipitates,  or  defects. 


Wavelength  (A) 


Fig.  4.  4  1C  photoluminescence  scans  of  AIGaAs/InGaAs/ 
GaAs  pseudomorphic  HF.MTs  wiih  an  MEE  (sample  104.3)  or 
an  MBE  (sample  1046)  channel  layer.  Laser  ptswer  density  =  31 
W/cm^ 


Other  than  dislocations  as  mentioned  above,  was 
observed  in  tho.se  layers.  This  is  an  interesting 
result,  becau.se  GaAs  grown  by  MBE  at  300  “C 
and  then  heat-treated  at  a  higher  temperature 
(600 °C)  for  a  short  time  exhibits  small  ( -  100  A) 
arsenic  precipitates  [9-11].  Their  absence  here  may 
be  due  to  MEE  growth,  the  small  thickness  of  the 
layers,  or  the  low  growth  temperature  ( ~  500  °  C) 
of  the  overlayers. 

Low  temperature  PL  was  performed  on  these 
samples  in  an  attempt  to  determine  the  quality  of 
the  MEE  InGaAs  and  GaAs  layers.  Fig.  4  shows 
the  PL  spectra  for  samples  1043  and  1046,  with  an 
MEE  and  a  conventional  MBE  InGaAs  channel 
layer  respectively.  Two  peaks  observed  in  each 
spectrum  are  attributed  to  the  n  =  1  and  n  =  2 
conduction-bana  quantized  states  in  the  InGaAs 
quantum  wells.  The  peak  widths,  or  full  widths  at 
half  maximum  (FWHM),  are  very  similar  for  both 
samples.  Also,  the  FWHMs  are  typical  of  modula¬ 
tion-doped  pseudomorphic  layers  with  a  sheet 
density  of  (2-3)  X  10'^  cm“^,  indicating  high 
material  quality  for  both  MEE-  and  MBE-grown 
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Table  4 

77  K  Hall  effect  data  for  Alo  jjGao  75As/Ino.jiGao79As/GaAs 
pseudomorphic  HEMTs  with  a  300  “C  MEE  channel 


Sample 

No. 

Channel 

thickness 

(A) 

Mobility 
(cmVV  •  s) 

Sheet  charge 
density 
(cm  -) 

1228 

100 

12600 

2.4X10‘^ 

1230 

150 

11400 

2.3x10'^ 

1231 

175 

10900 

2.4X10’’ 

1235 

200 

6100 

2.2X10'^ 

InGaAs  layers  [12].  The  shift  of  peak  position  is 
partly  due  to  a  slight  change  of  composition.  All 
of  the  GaAs,  AlGaAs  and  InGaAs  PL  peaks  ob¬ 
served  in  sample  1049  (not  shown)  are  similar  to 
those  of  sample  1046.  Since,  sample  1049  has  an 
MEE  buffer  layer,  these  PL  data  indicate  that 
with  an  MEE  buffer,  the  quality  of  the  MBE 
overlayers  remains  unaffected.  The  data  also  sug¬ 
gest  that  the  MEE  buffer  is  of  reasonably  high 
quality  as  has  been  reported  previously  [1,3].  An 
MEE  GaAs  layer  grown  separately  e.xhibited  emis¬ 
sion  spectra  due  to  free  exciton  and  impurity- 
bound  excitons.  confirming  that  this  is  indeed  the 
case. 

We  have  previously  established  the  critical  layer 
thickness  (CLT)  for  single  quantum  well  pseudo¬ 
morphic  structures  grown  at  low  substrate  temper¬ 
atures  (~480°C).  At  480  °C.  the  CLT  can  sub¬ 
stantially  exceed  the  Matthews- Blakeslee  limit  for 
the  single-kink  failure  mechanism  because  of  the 
slowed  misfit  dislocation  kinetics  [7],  For  instance, 
the  CLT  for  x  =  0.21  is  found  to  be  about  140  A. 
The  typical  77  K  mobility  is  14000  cm'/V  •  s  for  a 
pseudomorphic  structure  with  a  120  A  channel 
and  .x  =  0.2L  Table  4  lists  Hall  effect  data  for 
several  p.seudomorphic  structures  with  varying  the 


InGaAs  channel  thickness  (x  =  0.21).  With  in¬ 
creasing  the  MEE  channel  layer  thickness  from 
100  to  175  A,  the  77  K  Hall  mobility  slightly 
decreases.  For  200  A  the  mobility  drops  drasti¬ 
cally  to  only  61(X)  cm^/V  ■  s.  Therefore,  we  can 
say  that  the  CLT  of  MEE  InGaAs  grown  on 
GaAs,  under  the  growth  conditions  in  this  rejwrt, 
exceeds  that  of  MBE  for  x  =  0.21.  The  MEE  tech¬ 
nique,  in  principle,  could  be  exploited  to  achieve 
higher  CLT,  because  of  the  low  substrate  tempera¬ 
ture  and  the  reduced  growth  rate,  but  in  practice 
the  sample  temperature  needs  to  be  elevated  back 
to  above  470  °C  in  order  to  grow  conducting 
GaAs  and  AlGaAs  overlayers  for  modulation  dop¬ 
ing.  Further  development  of  low  temperature  MEE 
growth  for  the  overlayers  might  lead  to  successful 
growth  of  the  entire  structure  at  300  °  C. 

HEMT  devices  were  also  fabricated  on  samples 
1043,  1046  and  1049  for  comparison.  Table  3  lists 
the  growth  parameters  and  Hall  data  for  these 
samples.  Preliminary  DC  and  RF  data  are  pre¬ 
sented  in  table  5.  The  room  temperature  extrinsic 
was  measured  at  =  2.5  V.  Maximum  of 
1000  mS/mm  was  obtained  from  sample  1049 
with  a  thin  MEE  buffer  layer,  while  930  and  880 
mS/mm  were  obtained  for  samples  1043  and  1046 
with  MEE  and  MBE  channels,  respectively.  RF 
measurements  at  18  GHz  yielded  a  minimum  noise 
figure  ( )  of  0.8  dB  al  room  temperature  with 
an  associated  gain  (G^)  of  13.2  dB  for  sample 
1049.  which  is  the  best  in  terms  of  noise  perfor¬ 
mance  among  those  samples.  Moreover,  the  fj 
value  of  113  GHz  was  extrapolated  from  the  Ii;, 
value  for  sample  1049.  while  samples  1043  and 
1046  yielded  comparable  fj  values  of  84  and  86 
GHz  respectively.  Notice  that  the  RF  measure¬ 
ments  were  performed  on  passivated  devices.  This 
study  demonstrates  the  superior  performance  of 


Table  5 

DC  and  RF  results  for  0.15  x  150  /im  AIGaAs/lnGaAs/OaAs  pseudomorphic  HEMTs 


Sample 

No. 

Maximum 

extrinsic 

(mS/mm) 

Channel  current 
at  maximum  x„, 
(itiA/mm) 

Minimum  noise 
figure  at  18  GHz 
(dB) 

Associated  gain 
at  18  GHz 
(dB) 

/t 

(GHz) 

1043 

930 

260 

0.9 

12.0 

84 

1046 

880 

250 

1.2 

12.6 

86 

1049 

1000 

285 

0.8 

1.3.2 

113 
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the  devices  incorporating  an  MEE  buffer  layer. 
Also  comparable  device  performance  can  be 
achieved  by  using  a  low  temperature  MEE  or  a 
conventional  MBE  InGaAs  channel  layer  in  the 
pseudomorphic  HEMT  structures,  indicating  MEE 
as  an  alternative  growth  technique  for  device  ap¬ 
plications. 

5.  Conclusions 

The  MEE  technique  has  been  employed  suc¬ 
cessfully  to  grow  high  quality  GaAs  buffer  and 
InGaAs  channel  layers  incorporated  in  MESFET 
and  AlGaAs/ InGaAs/ GaAs  HEMT  structures. 
We  have  demonstrated  improved  DC  and  RF 
performance  of  the  devices  incorporating  300  °C 
MEE  buffer  layers  based  on  our  preliminary  data. 
We  al.'o  demonstrate  that  MEE  is  an  alternative 
techiuque  for  the  growth  of  InGaAs  layers  for 
device  applications. 
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Delta-doping  of  GaAs  and  Alo33Gao67As  with  Sn,  Si  and  Be: 
a  comparative  study 

J.J.  Harris.  J.B.  Clegg,  R.B.  Beall,  J.  Castagne,  K.  Woodbridge  and  C.  Roberts 

Philips  Research  Laboratories,  Redhill.  Surrey  RHI  5HA.  UK 


We  have  performed  a  study  of  the  contributions  of  segregation,  diffusion  and  aggregation  to  the  broadening  of  delta-doped  planes 
of  Sn.  Si  and  Be  in  GaAs  and  AIq  jjGaQ  (,7As.  Sn  planes  are  severely  broadened  by  all  three  processes,  but  sharp  spikes  of  Si  and  Be 
can  be  obtained  in  both  host  materials  for  sheet  densities  below  lO'-'  cm  “^  and  growth  temperatures  of  500  °C  or  less.  At  higher 
temperatures  or  densities,  segregation  or  concentration-dependent  rapid  diffusion  may  occur,  causing  significant  spreading  even 
during  growth.  Co-deposition  of  Si  and  Be  dramatically  reduces  this  broadening,  and  various  mechanisms  are  considered  to  explain 
these  effects. 


1.  Introduction 

There  are  a  number  of  mechanisms  which  can 
influence  the  incorporation  and  distribution  of 
impurities  in  GaAs  during  growth  by  molecular 
beam  epitaxy  (MBE);  these  are  principally  surface 
segregation  and  diffusion,  although  dopant  aggre¬ 
gation  and  autocompensation  may  also  play  a 
role.  The  presence  of  any  of  these  processes  at  the 
growth  temperatures  and  dopant  concentrations 
used  for  the  preparation  of  MBE  samples  may 
have  undesirable  consequences  for  the  production 
of  controlled  dopant  profiles,  a  particularly  strin¬ 
gent  situation  being  the  growth  of  delta-doped 
(6-doped)  structures  [1-3],  in  which  the  aim  is  to 
confine  the  impurities  to  a  single  atomic  plane  in 
the  crystal. 

We  have  studied  the  incorporation  and  diffu¬ 
sion  processes  of  5-doped  planes  of  Sn,  Si  and  Be 
in  GaAs  [^-9]  and  Alo3,Gao67As.  using  sec¬ 
ondary  ion  mass  spectrometry  (SIMS)  to  de¬ 
termine  the  total  impurity  distribution  and  elec¬ 
trochemical  capacitance- voltage  (C-^)  profiling 
to  measure  the  electrical  activity  of  the  dopant. 
From  these  results,  we  have  deduced  the  tempera¬ 
ture  and  impurity  concentration  ranges  in  which 
the  various  mechanisms  are  important  in  causing 
departures  from  the  ideal  6-doping  structures; 
these  ranges  differ  widely  for  the  three  dopants 


studied.  We  have  also  investigated  samples  in 
which  Be  and  Si  have  been  deposited  simulta¬ 
neously  on  the  same  plane,  and  have  found  that 
the  incorporation  and  migration  of  each  species  is 
strongly  affected  by  the  presence  of  the  other. 

2.  Experimental 

The  samples  were  prepared  by  MBE  in  a  mod¬ 
ified  Varian  MBE-360  system,  using  growth  tem¬ 
peratures  in  the  range  300-640  °C  and.  in  most 
cases,  a  growth  rate  of  1  nm/h,  although  values 
between  0.1  and  2  /im/h  were  sometimes  used  for 
comparison.  The  6-doping  planes  were  formed  by 
depositing  the  impurity  atoms  (up  to  4  X  lO’^ 
cm'’)  whilst  growth  was  interrupted  by  closing 
the  Ga  shutter;  the  As  flux  to  the  surface  was 
maintained  during  this  time.  Usually,  three  planes 
were  included  in  each  layer  grown.  Three  basic 
types  of  sample  were  prepared,  with: 

(a)  planes  of  constant  impurity  density,  but 
successively  lower  deposition  temperatures,  for 
surface  segregation  studies; 

(b)  planes  of  constant  density  at  constant  deposi¬ 
tion  temperature,  whe^e  growth  was  also  inter¬ 
rupted  between  planes  without  adding  impurities 
in  order  to  enhance  diffusion  at  the  growth  tem¬ 
perature  of  the  previously-dejjosited  dopant; 
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(c)  planes  of  different  density  at  constant,  low 
growth  temperature,  in  which  concentration  de¬ 
pendent  diffusion  effects  were  studied  using  post¬ 
growth  annealing;  the  samples  were  placed  face- 
to-face  with  undoped  GaAs  in  an  evacuated  quartz 
ampoule,  and  heated  in  a  three-zone  furnace  whose 
temperature  could  be  controlled  to  ±0.5°C. 

SIMS  profiling  was  carried  out  in  an  Atomika 
system  using  2  keV  02“  primary  ions.  The  instru¬ 
ment  resolution  function  has  been  determined 
using  Si  [10]  and  Be  dopant  planes  deposited  at 
very  low  temperatures  ( <  400  °  C),  where  the  pro¬ 
files  have  been  shown  to  be  temperature  indepen¬ 
dent,  and  hence  not  limited  by  diffusion  or  segre¬ 
gation  effects.  These  measurements  have  shown 
that  the  minimum  SIMS  resolution  is  a  full-width- 
at-half-maximum  (FWHM)  of  42  ±  2  A  for  Si  and 
56  ±  2  A  for  Be.  The  profiles  are  characterised  by 
an  exponential  decay  of  impurity  content  towards 
the  surface,  at  a  rate  Xl  (expressed  here  in  A/de¬ 
cade),  and  towards  the  substrate  at  a  rate  Xj.  The 
minimum  values  of  Xl  were  14  and  16  A/decade 
for  Si  and  Be,  respectively,  and  of  X^,  35  and  75 
A/decade;  the  greater  values  for  Xj  are  due  to  a 
SIMS  “knock-on”  mixing  effect. 

3.  Results  and  discussion 

In  the  following  sections,  we  will  consider  the 
role  of  each  broadening  mechanism,  i.e.  segrega¬ 
tion,  diffusion  (both  during  and  post  growth)  and 
surface  aggregation,  in  determining  the  distribu¬ 
tion  of  the  three  impurities  Sn,  Si  and  Be,  and  the 
combination  of  Si  +  Be,  when  deposited  as  a 
dopant  plane. 

3. 1.  Surface  segregation 

This  is  manifest  as  a  preferential  spreading  of 
the  dopant  in  the  growth  direction,  usually  with 
an  exponential  decay  of  the  concentration  towards 
the  surface.  It  has  been  known  for  many  years 
that  Sn  exhibits  this  effect  very  strongly,  and  we 
have  previously  [5]  interpreted  the  temperature 
and  flux  dependence  on  a  model  which  takes 
account  of  kinetic  limitations  due  to  the  competi¬ 
tion  between  the  GaAs  deposition  rate  and  the 


Fig.  1.  SIMS  profile  of  10' ’  cm”^  Be  S-doped  planes  in 
Al{,33Gafit7As  grown  al  (A)  500.  (B)  550  and  (C)  600  “C.  (The 
Al  signal  is  scaled  for  convenience  of  display.) 


dopant  segregation.  Si  and  Be  also  show  asymmet¬ 
ric  spreading  which  increases  with  temperature 
[6,9,11],  as  illustrated  in  fig.  1  for  three  planes  of 


Growth  temperature  ("c) 

Fig.  2.  Surface  segregation  behaviour  of  Sn.  Si  and  Be  in  GaAs 
and  Alo33Gao67As.  The  exponential  decay  rate  of  the  impurity 
concentration  in  the  growth  direction  is  plotted  as  a  function 
of  growth  temperature. 
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Be  in  Al  03308067^3,  deposited  at  500,  550  and 
600  °C.  The  slope  of  the  profile  on  the  surface 
side  of  each  peak,  increases  from  28  A/ decade 
at  500  °C  to  53  A/decade  at  600  °C,  whereas 
is  constant  at  88  A/decade,  and  results  from 
SIMS  mixing.  These  results,  together  with  other 
data  for  Sn  in  GaAs  and  Si  and  Be  in  both  GaAs 
and  Alo33Gao67As  are  compared  in  fig.  2.  This 
shows  that,  while  the  segregation  rates  of  Si  in 
GaAs  and  Alo33Gao67As  are  similar,  and  com¬ 
parable  to  that  of  Be  in  Alg  saGa  067AS,  Be  in 
GaAs  shows  a  significantly  smaller  effect;  Sn  in 
GaAs.  on  the  other  hand,  segregates  over  dis- 


A  B  C  D  E  F  G 


0  200G  4000  6000  8000 


Depth (A) 

Fig.  i.  SIMS  profile  of  <5-doped  planes,  co-doped  with  Si  (solid 
lines)  and  Be  (broken  lines).  (The  arrow  marks  the  su  face  of 
the  layer  containing  peaks  E.  F  and  G).  The  measured  Si 
density  on  each  plane  is  l.3x  lO’’  cm  and  the  Be  densities 
are  (A)  0.  (B)  0.098  X  I0'\  (C)  0.25  X  lO' '.  (D)  0.47X  lO".  <E) 
0.70x10''.  (F)  0.95x10'’  and  (G)  1.40x  lo"  cm  (a)  As- 
grown;  (b)  after  3.5  h  at  650“C. 


tances  10  to  100  times  greater  than  those  observed 
for  Si  and  Be.  In  all  these  samples,  the  values  of 
Xt  were  independent  of  temperature,  and  the  in¬ 
crease  in  FWHM  was  consistent  with  the  increase 
in  Xl,  indicating  that  diffusion  effects  were  not 
contributing  significantly  to  the  shape  of  the  pro¬ 
files. 

It  has  been  suggested  [11,12]  that  band-bending 
at  the  surface  during  growth  would  provide  a  field 
in  which  the  ionized  dopants  would  drift,  giving 
rise  to  the  observed  spreading.  In  order  to  test  the 
role  of  this  and  other  charge-related  effects  in 
dopant  migration,  two  samples  were  prepared  at 
600  °C  with  3  and  4  planes  of  10”  cm'^  Si  atoms, 
different  amounts  of  Be  being  deposited  simulta¬ 
neously  on  each  plane:  the  nominal  Be  densities 
used  were  0,  1.  2.5,  5.  7.5.  10  and  15  X  10”  cm'". 
Fig.  3a  shows  a  composite  profile  of  the  two  layers 
as-grown,  and  fig.  3b,  the  result  of  annealing  for 
3.5  h  at  650 °C.  In  the  as-grown  state,  all  the  Si 
spikes  show  asymmetric  broadening,  with  X,  val¬ 
ues  of  90  ±  6  A/decade,  independent  of  the 
amount  of  Be  deposited,  even  though  in  one  plane 
(G)  it  exceeds  the  Si  density.  Since  the  net  charge 
on  the  6-plane  will  have  a  strong  effect  on  the 
surface  field  during  the  subsequent  growth  of 
GaAs.  this  seems  convincing  ev’dence  that  the 
.surface  field  is  not  responsible  for  Si  surface  segre¬ 
gation.  However.  X,  for  the  Be  peaks  increased 
systematically  from  24  to  37  A/decade  as  the  Be 
density  increased,  supporting  the  proposal  [11] 
that  surface  field  effects  are  influencing  the  surface 
.segregation  of  Be. 

3.2.  Diffusion 

A  planar  impurity  profile  may  broaden  by  dif¬ 
fusion  either  during  the  growth  time  required  to 
deposit  the  rest  of  the  sample,  or  .sub.sequently 
during  post-growth  heating  such  as  may  be  re¬ 
quired  for  device  processing. 

3.2. /.  Growth-time  diffusion 

Fig.  4  shows  the  gradual  broadening  of  Si  6- 
doped  planes  with  time  (up  to  75  min)  at  a  growth 
temperature  for  Al,,  33Ga|,ft7As  of  550 °C,  with  the 
FWHM  increasing  from  74  A  at  the  surface  to  180 
A  for  the  deepest  spike:  this  corresponds  to  a 
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Fig.  4.  SIMS  profile  of  lO'^  cm  “  Si  6-doped  planes  in 
Alo  grown  at  550 '^C.  with  arrows  corresponding  to 

growth  interrupts  for  the  number  of  minutes  indicated. 

diffusion  coefficient  of  1  x  10''*  cm'  s"'.  The 
equivalent  results  for  the  other  dopants  are  sum¬ 
marised  in  table  1.  from  which  it  can  be  seen  that, 
at  a  sheet  density  of  lO”  cm "  Si  and  Be  have  the 
same  diffusion  coefficients  in  GaAs  and 
Al„  ,,Ga,|(,7As,  with  the  values  for  Be  being  slightly 
lower  than  those  for  Si.  (All  diffusion  constants 
quoted  here  have  an  estimated  error  of  a  factor  of 
2.)  The  result  for  Sn  in  GaAs  was  achieved  by 
using  a  sample  in  which  the  growth  temperature 
was  lowered  from  550  to  295  °C  immediately  after 
deposition  of  the  Sn,  at  which  temperature  100  A 
of  GaAs  was  grown  to  incorporate  ail  the  Sn 
before  returning  the  sample  temperature  to  550  °C. 
This  was  repeated  three  times,  with  1100  A  of 
undoped  GaAs.  plus  a  .10  min  growth  interrup¬ 
tion.  between  each  plane.  The  observed  spreading 


Table  1 

Cirowlh-iime  Ciffu.sion  of  lO"  cm  '  della-dopeii  planer  of  Sn. 
Si  and  Be  in  GaAs  and  Al,,  uGaoft-’As 


[>>pani 

Hi.si 

Temp«raiure 

(°G) 

Diffusion  constant 
(cm-  s  ^ ) 

Sn 

( iaAs 

55(1 

5  xlO 

I6> 

Si 

GaAs 

550 

1  xIO 

16 

AlOaAs 

550 

1  xlO 

16 

600 

1.5x10 

16 

Be 

Ga.A.s 

600 

4  XlO 

n 

AlCiaAs 

600 

4  xlO 

!7 

corresponded  to  a  diffusion  coefficient,  D.  at 
550  °C  of  -  5  X  10  cm'  s  '.  This  is  about 
three  orders  of  magnitude  greater  than  expected 
[13],  although  more  recent  work  [14]  has  suggested 
that  D  is  concentration  dependent,  which  may 
explain  the  discrepancy.  Indeed,  there  is  a  wide 
range  of  literature  values  of  D  for  all  these 
dopants,  a  situation  which  we  believe  can  only  be 
reconciled  by  taking  into  account  the  concentra¬ 
tion  dependence  and  non-Fickian  behaviour  of  the 
diffusion  process.  There  is  an  indication  of  non¬ 
ideal  diffusive  behaviour  in  fig.  la,  where  we 
observed  a  clear  difference  in  FWHM  between  the 
“Si  only”  spike.  A,  which  is  200  A  wide,  and  all 
the  others  (FWHM  =  90  ±  10  A),  suggesting  that 
the  co-deposited  Be  has  reduced  growth-time  dif¬ 
fusion  of  the  Si.  However,  more  convincing  evi¬ 
dence  has  been  obtained  from  post-growth  diffu¬ 
sion  studies  of  samples  with  planes  of  different 
dopant  density,  and  these  are  discussed  below. 

i.L2.  Posi-growth  diffusicn 

The  concentration  dependence  of  the  diffusion 
process  for  Be  in  Al,,  ,,Ga|,(,7As  is  clearly  demon¬ 
strated  in  fig.  5a.  which  is  the  SIMS  profile  through 
three  planes  of  nominal  densities  (A)  0.4  X  lO". 
(b)  1  X  10”  and  (C)  4x  10”  cm  ’  at  500 “C.  At 
this  relatively  low  growth  temperature,  peak  B  is 
narrower  than  the  corresponding  600  °C  spike  (B 
in  fig.  4),  but  the  highest  density  peak  C  is  broad¬ 
ened  to  a  FWHM  of  380  A.  indicating  a  much 
higher  diffusion  coefficient.  Similar  behaviour  has 
been  observed  for  Si  in  Al,,  ,,Ga||^7As.  and  for  Si 
and  Be  in  GaAs  [8.9.11].  Post-growth  annealing  of 
these  layers  reveals  that,  even  after  correcting  for 
the  instrument  response  function  of  the  SIMS  [10], 
the  spreading  of  the  profiles  with  time.  t.  does  not 
obey  Fick's  Law.  which  for  a  Gau.ssian  profile 
gives 

(FWHM)' =  16  In  2  (Dt).  (1) 

ln.stead.  the  effective  diffusion  constant.  D' .  ob¬ 
tained  from  fitting  eq.  (1)  to  the  data,  gradually 
decreases  as  the  anneals  progress.  This  is.  of  course, 
consistent  with  a  diffusion  rate  which  depends  on 
concentration,  since  the  impurity  density  falls  as 
the  profile  broadens.  In  order  to  make  a  meaning- 
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Fig  5.  SIMS  pri'file>  of  Be  6-dopet!  planes  in  Al,,  ,,Gai,„-  As. 
of  densilies  ( Ai  0.4  x  lO' ( Bi  1  x  10'-'  and  (C)  4 x  10' ’  cm 
lal  As-grown  al  5IX)°C:  (hi  after  l.S  h  at  h5()°C. 


ful  eiimparison.  we  have  listed  in  table  2  the 
values  of  D'  for  Si  and  Be  in  GaAs  and 
Al,,  5,Gai,^-As  with  three  different  densities  on 
the  original  planes,  after  annealing  for  3.5  h  at 
650  °C.  These  results  indicate  a  strong  depen¬ 
dence  on  carrier  density,  with  slightly  higher  diffu¬ 
sion  rates  in  Al,,  ^Gan^-As  than  in  GaAs  [15|. 
The  data  for  Si  planes  of  4  X  10''  cm  ’  indicate 
that  diffusion  is  Fickian  at  this  density,  and.  for 
the  CJaAs  layer,  good  agreement  is  obtained  with 
the  value  obtained  by  Schubert  et  al.  [16]  for  this 
density  of  dopant  after  a  5  s  rapid  thermal  anneal 
at  650  °C.  However,  their  results  for  Si  in 
All,  ,,Ga„ft7As  [17]  and  Be  in  GaAs  [11]  are  con¬ 
siderably  higher  than  ours;  since  we  observe  non- 
Fickian  diffusion  for  Be  even  at  4  x  It)'"  cm 


the  latter  result  is  consistent  with  our  data,  but  the 
origin  of  the  difference  in  the  Si  results  is  unclear. 

Several  models  have  been  proposed  to  account 
for  these  rapid,  concentration-dependent  diffusion 
effects:  for  Si,  the  observation  of  auto-compensa¬ 
tion  in  the  diffused  profiles  (a  factor  which  we 
have  confirmed  by  C-V  and  local  vibrational 
mode  (LVM)  measurements  [8]).  has  led  to  the 
suggestion  that  Sif;„-Si,^,  pairs  are  the  diffusing 
species  [18],  while  Be  is  expected  to  behave  like 
Zn,  for  which  an  interstitial-substitutional  mecha¬ 
nism  has  been  proposed  [19],  Recently  Schubert  et 
al.  [3,11]  have  pointed  out  that  mutual  repulsion 
between  the  charged  dopant  atoms  might  be  ex¬ 
pected  to  add  a  drift  component  to  the  dopant 
migration;  however,  this  is  only  expected  to  be 
significant  at  densities  above  10'"  cm  ’.  Neverthe¬ 
less,  the  results  for  the  co-doped  layers  shown  in 
fig.  3,  particularly  the  data  after  annealing  at 
650 °C  (fig.  3b)  indicate  that  ionic  charge  effects 
can  apparently  be  significant:  for  Be.  diffusive 
broadening  of  the  type  shown  in  fig.  5b  is  com¬ 
pletely  removed  by  the  presence  of  co-deposited 
Si.  and  the  Be  concentration  is  clearly  having  a 
systematic  effect  on  the  rapid  diffusion  of  Si. 
Since  the  dopant  densities  are  below  10'"  cm  ’.  it 
seems  likely  that  drift  effects  are  not  responsible, 
and  that  a  different  model  is  required  to  explain 


Tabic  2 


H.ffeciivc  diffusion  coefficient  for  Si 
in  CiaAs  and  .Al,,  y^Ciao^-.As  after 

3  5  h  at 

and  Be  delta-doped  planes 
post-gr<Avih  annealing  for 

Dopant  Host 

Sheet  deiisilv 

Hffective  diffusuTn 

(!()'' cm  -) 

coefficient 
tc'm“  s  '  > 

Si  (iaAs 

11.4 

2  vl0 

1 

2  .  1(1 

4 

7x10 

AKiaAs 

0.4 

4x10  *' 

1 

5x10 

4 

1x1(1 

Be  CiaAs 

0.4 

2x1(1 

1 

2x10  '■ 

4 

K  ,10 

AlClaAs 

0.4 

6x10 

1 

1  X  10  "■ 

4 

4x1(1 

■"  Afier  l.V  h 
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the  stability  of  the  Be  peaks  in  fig.  3b.  One  possi¬ 
bility  is  suggested  by  the  LVM  measurements  of 
Mohades-Kassai  et  al.  [20]  on  thick  layers  co¬ 
doped  with  Si  and  Be,  where  evidence  of  Sioj-Be^^^ 
next-nearest-neighbour  pairing  was  found;  such  a 
complex  may  have  a  low  diffusion  coefficient. 
Alternatively,  the  presence  of  Si  may  simply  in¬ 
hibit  the  transfer  of  Be  from  a  substitutional  site 
to  the  rapidly-diffusing  interstitial  state  [21].  The 
effect  of  post-growth  annealing  on  the  Si  impurity 
distribution  is  more  complex,  with  varying 
amounts  of  rapid  diffusion  being  apparent;  as  the 
amount  of  Be  increases,  the  diffusion  profiles  nar¬ 
row  asymmetrically,  with  a  more  pronounced  ef¬ 
fect  on  the  substrate  side  of  the  S-plane  than  on 
the  surface  side.  Again,  the  “drift  plus  diffusion” 
model  does  not  seem  applicable  in  this  case,  and 
the  results  may  once  more  be  due  to  the  formation 
of  low-mobility  Si- Be  complexes.  However,  an 
alternative  explanation  is  also  offered  by  the  work 
of  Mohades-Kassai  et  al.  [20]  on  thick  co-doped 
layers,  where  it  was  found  that  in  the  presence  of 
excess  Be.  Si  will  not  occupy  As  sites.  This  Fermi- 
level  related  effect  will  thus  inhibit  the  formation 
of  Si(i,, -Siy^,  pairs,  and  prevent  the  rapid  diffusion 
process.  The  asymmetry  seen  in  the  profiles  is 
simply  the  consequence  of  the  original  surface 
segregation  of  the  Si;  this  means  that  the  surface 
side  of  the  co-doped  peaks  will  be  more  n-type 
than  the  substrate  side,  and  hence  more  likely  to 
exhibit  rapid  diffusion. 

J.J.  Surface  agf^regat ion 

If.  during  deposition  of  the  5-plane,  the  surface 
diffusion  distance  of  an  impurity  exceeds  the  in¬ 
ter-impurity  .spacing,  it  is  possible  for  islands  of 
dopant  to  form;  these  will  influence  the  subse¬ 
quent  incorporation  and  diffusion  behaviour.  In 
the  case  of  Sn.  the  presence  of  i.slands  results  in  a 
flat-topped  segregation  profile  [4].  whereas  for  Si 
the  characteristic  feature  is  a  sharp  central  spike 
superimposed  on  the  diffusion  profile  (e.g.  peak  A 
in  fig.  3b).  This  is  due  to  the  presence  of  electri¬ 
cally  neutral  Si  [8],  which  we  believe  is  Si  aggre¬ 
gated  into  islands  during  deposition.  This  feature 
is  seen  in  both  GaAs  and  Al,,  ,,Ga,)^7As  when  the 
sheet  density  is  10’  ’  cm  ^  or  greater,  and  may  be 


the  reason  why  the  free  electron  concentration  of 
5-doped  planes  appears  to  saturate  at  about  this 
level  [1],  the  excess  Si  being  incorporated  into  the 
islands.  A  central  spike  is  also  visible  in  peak  C  of 
fig.  5b,  for  Be  in  AIo33Ga(,67As,  although  none 
were  observed  for  Be  in  GaAs  [9,11].  It  is  possible 
that  this  also  corresponds  to  aggregated  material 
[22],  but  further  work  is  required  to  confirm  this. 

4.  Conclusions 

We  have  compared  the  segregation,  diffusion 
and  aggregation  behaviour  of  Sn,  Si  and  Be  in 
GaAs  and  Aly ,3Ga|,f,7As.  Delta-doped  planes  of 
Sn  exhibit  severe  broadening  due  to  all  three 
mechanisms,  whereas  for  sheet  densities  of  less 
than  lO'-’  cm  ■  relatively  sharp  spikes  of  Si  and 
Be  can  be  obtained  in  both  host  materials  at 
growth  temperatures  of  500  °C  or  below.  For 
higher  temperatures  and/or  densities,  diffusion 
becomes  important,  with  concentration-dependent 
rapid  diffusion  processes  coming  into  play.  Sig¬ 
nificant  changes  in  behaviour  have  been  observed 
by  co-depositing  Si  and  Be  on  the  same  plane, 
suggesting  that  drift  effects  due  to  ionic  charges 
may  play  a  part  in  the  broadening  process;  how¬ 
ever.  other  interpretations  are  also  possible,  so 
that  the  situation  remains  unclear. 
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Comparison  of  delta  doped  GaAs  grown  by  MBE  and  GSMBE 
using  different  arsenic  species 
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We  have  compared  the  extent  of  spatial  confinement  and  the  optical  properties  of  Be  and  Si  delta  doped  GaAs  grown  by  gas 
source  and  solid  source  MBE.  The  delta  doped  samples  were  grown  at  a  substrate  temperature  of  500  °C.  The  two-dimensional 
doping  density  we  employed  in  our  comparisons  was  less  than  5x10’’  cm'".  Secondary  ion  mass  spectrometry  and  capacitance- 
voltage  measurements  indicate  insignificant  differences  in  the  spatial  distribution  of  Si  and  Be  for  structures  grown  using  AS4.  As, 
and  AsH,.  Optical  measurements  indicate  that  the  quality  of  the  doped  layers  grown  with  AsH,  are  superior  to  those  grown  with 
solid  As  source.  Our  results  are  explained  in  terms  of  defect  passivation  by  H  and  by  the  presence  of  As  monomers  as  the  dominant 
arsenic  specie  during  gas  source  MBE.  We  shall  also  discuss  a  novel  method  of  obtaining  planar  doping. 


1.  Introduction 

Delta  doping  of  semiconductors  is  becoming 
increasingly  important  because  of  scientific  be¬ 
nefits  of  engineering  two-dimensional  structures 
[1-3]  and  the  potential  technological  applications 
in  electronic  and  photonic  devices.  Delta  doped 
structures  can  be  used  as  non-alloyed  ohmic  con¬ 
tacts  to  GaAs  [4],  as  Schottky  gates  in  field  effect 
transistors  [5]  and  as  doping  superlattice  in  spatial 
light  modulators  and  edge  emitting  diodes  [2].  In 
the  conventional  delta  doping  of  GaAs,  growth  of 
GaAs  is  interrupted  while  a  dopant  atom  is  de¬ 
posited  on  the  crystal  surface  and  subsequently 
the  growth  is  resumed.  Ideally,  the  profile  width  of 
the  dopant  should  be  comparable  to  a  lattice 
constant.  Experimentally,  however,  deviations 
from  the  ideal  delta  function  occur,  the  profiles 
may  become  as  broad  as  200  A  at  high  growth 
temperatures.  Two  factors  that  affect  the  spatial 
confinement  of  the  dopants  are  the  diffusion  and 
segregation  of  the  impurities.  Recently,  Zrenner 
[6]  has  argued  that  the  discrepancies  between  the¬ 
oretical  calculations  based  on  self-consistent  and 


semiclassical  methods,  and  experimental  data  on 
the  dopant  localization  can  be  resolved  if  back¬ 
ground  doping  and  extrinsic  defects  such  as  DX 
centers  are  taken  into  consideration.  There  has 
also  been  a  report  on  improved  localization  of  Be 
and  Si  for  growth  by  GSMBE  [7]  as  compared  to 
conventional  MBE  growth  using  AS4.  In  this  paper, 
we  report  on  a  study  in  which  we  have  examined 
the  role  of  unintentional  background  doping  and 
the  influence  of  the  crystal  growth  method  on 
delta  doped  GaAs.  We  have  compared  for  the  first 
time  spatial  confinement  and  photoluminescence 
properties  of  Be  and  Si  delta  doped  GaAs  grown 
using  As,  (from  AsH,),  Asi.  and  AS4. 

2.  Experimental 

The  delta  doped  GaAs  samples  were  grown  in  a 
Varian  Gen  11  gas  source  MBE  chamber  at  a 
growth  temperature  of  500  °C.  The  V/III  ratio 
was  obtained  by  measuring  the  beam  equivalent 
flux  ratio  with  an  ion  gauge  in  the  substrate  posi¬ 
tion.  An  AsH,  flow  rate  of  4  SCCM  was  em- 
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ployed  in  order  to  maintain  a  V/III  ratio  equiv¬ 
alent  to  that  obtained  by  using  solid  As  sources.  A 
GaAs  growth  rate  of  2.5  A/s  was  employed.  The 
chamber  was  fitted  with  an  elemental  As  cracking 
furnace  [8]  and  a  low  pressure  hydride  injector. 
The  solid  As  cracker  provided  As^  and  Asj  species. 
In  the  GSMBE  approach,  the  group  III  fluxes  are 
provided  by  elemental  Ga  and  the  group  V  sources 
are  hydrides;  in  this  case,  arsine.  The  conventional 
delta  doping  was  accomplished  by  interrupting 
growth  of  Ga  (closing  the  Ga  shutter)  and  opening 
the  dopant  shutter  (Si  or  Be)  for  a  given  duration 
of  time  and  subsequently  resuming  growth  of 
GaAs.  (We  have  also  accomplished  planar  con¬ 
finement  by  a  novel  method  whereby  the  Ga  and 
dopant  atoms  are  introduced  at  the  same  time. 
The  advantage  of  this  method  is  that  it  eliminates 
growth  interruptions  which  may  result  in  accumu¬ 
lation  of  impurities  during  the  delta  doping  phase.) 
Two-dimensional  doping  densities  between  8  X 
10*'  and  4  X  lO'^  cm~^  were  employed  for  the 
comparisons.  The  growth  temperature  was  main¬ 
tained  at  5(X)°C  in  order  to  minimize  impurity 
diffusion  and  redistribution  that  would  occur  at 
higher  substrate  temperatures.  A  typical  growth 
sequence  consists  of  a  Si  or  Be  doped  or  undoped 
buffer  layer  on  top  of  a  (100)  oriented  n-type  or 


semi-insulating  GaAs  substrate.  An  undoped 
spacer  layer  of  GaAs  was  grown  on  top  of  the 
buffer,  followed  by  deptosition  of  the  dopants. 
Finally  an  undoped  GaAs  cap  layer,  200-2000  A 
thick  was  grown.  The  delta  doped  samples  were 
characterized  by  capacitance-voltage  measure¬ 
ments  on  reverse  biased  Ti/Au  Schottky  diodes, 
mercury  Schottky  barriers  and  also  by  an  electro¬ 
chemical  profiling  method  (Polaron).  Secondary 
ion  mass  spectrometer  (SIMS)  profiles  of  the 
dopants  were  obtained  with  a  Cameca  IMF-4F 
SIMS  instrument  using  O2  primary  ion  source. 
Photoluminescence  (PL)  measurements  were  per¬ 
formed  at  room  temperature  and  also  at  low  tem¬ 
perature  using  the  5145  A  excitation  line  from  an 
argon  laser. 


3.  Results  and  discussion 

Figs,  la  and  lb  show  typical  C-  V  profiles  of  Si 
and  Be  delta  doped  GaAs  grown  by  conventional 
MBE  with  AS4  sources.  The  Si  peak  in  fig.  la 
occurs  at  a  depth  of  986  A  from  the  surface,  as 
expected  from  reflection  high  energy  electron  dif¬ 
fraction  calibrations.  The  maximum  electron  con¬ 
centration  is  7.7  X  10'* cm”'  and  the  full  width  at 


Fig.  1 ,  C-V  doping  profiles  of  Si  and  Be  della  doped  GaAs.  The  samples  were  grown  at  500 ° C  using  AS4.  We  did  not  observe 
signiFicanl  differences  between  the  FWHM  of  the  C-V  profiles  of  samples  grown  with  As,.  Asj.  and  AS)  (AsH ,). 
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half  maximum  (FWHM)  is  40  A  corresponding  to 
a  two-dimensional  density  of  3.2  X  10*^  cm"^.  Fig. 
lb  shows  the  C-K  profile  of  Be  delta  doped  GaAs 
grown  using  AS4.  The  Be  peak  is  located  at 
a  depth  of  1002  A  and  the  maximum  hole  con¬ 
centration  is  5.1  X  10**cm~^  The  FWHM  is  mea¬ 
sured  to  be  40  A  resulting  in  a  two-dimensional 
doping  density  of  2x10'^  cm“^.  We  obtained 
identical  results  on  samples  grown  under  the  same 
growth  conditions  except  with  As,  and  As  2  replac¬ 
ing  AS4.  C-  V  measurements  were  also  done  on  Si 
delta  doped  GaAs  with  a  C-F  doping  density  of 
1  X  10'“  cm“^.  The  FWHM  of  these  profiles  were 
generally  of  the  order  of  75-80  A  for  growth  using 
As,,  As2,  and  AS4. 

Fig.  2a  shows  the  SIMS  profile  of  Si  delta 
doped  GaAs  grown  using  AS4.  the  maximum  Si 
concentration  is  4  X  lO'^  cm"’’  and  a  FWHM  of 
47  A  is  measured.  The  sample  grown  under  identi¬ 
cal  conditions  by  GSMBE  yield  a  FWHM  of  45 
A.  A  SIMS  profile  of  Be  delta  doped  GaAs  is 
shown  in  fig.  2b.  The  Be  concentration  is  meas¬ 
ured  to  be  8.9  X  10'*  cm"^  with  a  FWHM  of  47 
A.  A  similar  profile  was  obtained  for  growth  using 
As,  with  maximum  Be  concentration  of  8.9  X  10** 
cm”’,  occurring  at  a  depth  of  1000  A  and  a 
FWHM  of  49  A.  The  SIMS  profile  of  Be  grown 
using  AsHj  indicates  Be  concentration  of  6  X  lO'* 
cm  ”  ’  and  a  FWHM  of  45  A. 

It  is  clear  from  the  C-V  and  SIMS  measure¬ 
ments  that  the  distribution  of  Be  and  Si  in  GaAs 


grown  at  a  low  temperature  of  500  °C  is  unaf¬ 
fected  by  the  nature  of  the  As  species  employed 
during  growth.  The  main  difference  between  our 
results  and  those  in  refs.  [7,9]  is  that  we  employed 
low  two-dimensional  C-  F  doping  densities  ( <  5 
X  10'^  cm”^).  The  dependence  of  C-F  width  on 
two-dimensional  doping  density  has  been  given  by 
Schubert  et  al.  [10].  The  C-  F  FWHM  is  found  to 
decrease  as  the  doping  increases.  Our  measured 
value  of  40  A  for  Si  is  lower  than  the  theoretical 
prediction  from  self-consistent  calculations.  An 
interesting  observation  from  these  measurements 
can  be  made  regarding  the  activation  efficiency  of 
the  dopant  atoms  for  growth  at  500  °  C.  The  elec¬ 
trical  activation  efficiency  of  Si  and  Be  is  calcu¬ 
lated  by  taking  the  ratio  of  the  C-  F  concentration 
and  the  SIMS  concentration.  The  donor  and 
acceptor  activation  efficiencies  of  26%  and  57% 
were  obtained  for  Si  and  Be,  respectively. 

Fig.  3  depicts  a  SIMS  profile  taken  from  a 
structure  consisting  of  two  Be  delta  doped  spikes. 
The  sample  was  grown  at  515  °C  with  AsH, 
source.  The  first  spike  at  200  A  was  obtained  with 
the  novel  approach  and  the  peak  at  650  A  was 
obtained  following  conventional  delta  doping.  The 
FWHM  of  both  spikes  is  approximately  55  A. 
This  result  reveals  an  alternative  method  of  ob¬ 
taining  delta  doping  without  growth  interruption. 
A  similar  method  has  recently  been  reported  by 
Kim  et  al.  [11]. 

PL  measurements  were  employed  in  order  to 
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Fig.  2.  SIMS  depth  profiles  of  Si  and  Be  delta  doped  GaAs  showing  a  FWHM  of  47  A.  Identical  FWHMs  of  the  delta  spikes  were 

measured  for  samples  grown  with  Asj.  Asj,  and  As,  (AsH,). 
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assess  the  optical  properties  of  the  delta  doped 
structures.  The  low  temperature  luminescence  from 
Si  delta  doped  GaAs  grown  with  AS4  and  ASH3  is 
depicted  in  fig.  4a.  Two  peaks  are  apparent  at 
1.513  and  1.493  eV.  The  peak  at  1.513  eV  is 
related  to  a  donor  bound  exciton.  The  peak  at 
1.493  eV  is  assigned  to  a  donor-to-acceptor  transi¬ 
tion  involving  C.  There  is  a  slight  decrease  in  the 
PL  intensity  of  the  AsHj  grown  sample.  We  have 
previously  observed  the  same  effect  in  our  hydro¬ 
genated  delta  doped  samples  [12]  and  we  attribute 
the  decrease  to  the  passivation  of  the  Si  donor 
atoms  in  the  presence  of  H  in  GSMBE.  The 
appearance  of  this  exciton  line  with  a  FWHM  of 
4.4  meV  indicates  that  high  quality  GaAs  can  be 
grown  at  500  °C.  At  room  temperature,  we  find 
that  the  integrated  PL  intensity  in  the  GSMBE 
grown  sample  is  stronger  than  in  the  MBE  grown 
sample,  as  shown  in  fig.  4b. 

The  low  temperature  luminescence  from  Be  del¬ 
ta  doped  GaAs  grown  using  AsHj,  Asj  and  AS4  is 
shown  in  fig.  4c.  The  main  luminescence  peak 
occurs  at  1.483  eV  and  has  a  FWHM  of  23  meV. 
We  have  assigned  this  peak  to  a  donor-to-accep- 
tor-like  transition  involving  Be  acceptors.  The 
FWHM  and  the  position  of  the  peak  are  con¬ 


sistent  with  heavily  doped  p-type  GaAs,  and  are  a 
result  of  formation  of  tail  states  and  band  gap 
narrowing  [13,14],  It  should  be  noted  that  similar 
luminescence  features  were  observed  from  a  single 
Be  delta  doped  sample  grown  on  an  undoped 
buffer  layer  and  a  SI  substrate.  The  integrated  PL 
intensity  of  Si  and  Be  delta  doped  GaAs  at  room 
temperature,  is  strongest  in  the  AsHj  grown  sam¬ 
ples  and  clearly  demonstrates  that  hydrogen  plays 
a  very  active  role  in  modifying  the  growth  kinetics 
in  GSMBE.  The  increased  PL  intensity  can  be 
attributed  to  two  factors:  (1)  The  presence  of  H  as 
the  primary  by-product  of  AsHj  decomposition 
may  serve  to  passivate  nonradiative  centers,  thus 
enhancing  the  PL  intensity.  This  is  consistent  with 
our  results  on  hydrogenated  As  4  grown  samples 
[12].  (2)  We  have  evidence  that  the  predominant 
As  sptecies  in  our  system  is  As  monomers  [15].  The 
differences  in  the  growth  kinetics  between 
Asj,  AS4  and  As,  (AsH,)  has  strong  influence  on 
the  formation  of  native  defects  such  as  espe¬ 
cially  at  the  low  growth  temperature  of  500  °C. 
Such  differences  have  been  previously  observed  by 
Kunzel  and  Ploog  [16]  for  AS4  and  As^.  and 
Calawa  [17]  and  Cunningham  et  al.  [18]  for  As 
monomers.  At  room  temperature,  the  lumines- 


Fig.  3  SIMS  profiles  of  Be  delta  doped  GaAs  grown  with  As,  at  a  substrate  temperature  of  SIS^C.  The  peak  at  200  A  was  obtained 
with  both  Ga  and  Be  .shutters  open.  The  peak  at  630  A  was  obtained  with  the  Ga  shutter  closed.  A  schematic  illustration  of  the 

growth  sequence  is  also  shown. 
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Wavelength  (&)  Wavelength  (&) 

Fig.  4.  PL  spectra  from  Si  and  Be  delta  doped  OaAs  grown  with  AS4.  As,,  and  As,  (AsH ,):  (a)  and  (b)  .show  low  temperature  (a)  and 
room  temperature  (b)  PL  from  Si  della  doped  GaA.s:  (c)  and  (d)  show  low  temperature  (c)  and  room  temperature  (d)  PL  from  Be 
delta  doped  GaAs.  Note  that  enhanced  PL  efficiency  in  samples  grown  with  .As,  at  room  temperature. 


cence  from  Be  delta  doped  GaAs  occurs  at  1.435 
eV  and  it  is  again  strongest  for  AsH,  grown 
sample  as  shown  in  fig.  4d, 


4.  Conclusion 

We  have  compared  the  spatial  confinement  and 
the  optical  quality  of  delta  doped  GaAs  shown 
grown  using  As,.  AS4.  and  AsH,  sources.  The 
spatial  distribution  of  Be  and  Si  is  unaffected  by 
the  type  of  As  species  used  during  growth  of  delta 
doped  GaAs  with  doping  densities  <  5  X  10'* 
cm  ^  and  growth  temperature  of  500  °  C.  The 
optical  quality  of  the  delta  doped  structures  is 
enhanced  with  growth  using  As  monomers  (AsH,). 
We  attribute  the  enhanced  PL  efficiency  in 
GSMBE  grown  samples  to  reduction  of  point  de¬ 
fects  such  as  V,;3  and  related  complexes  and  to 


passivation  of  nonradiative  centers  by  atomic  hy¬ 
drogen  in  the  chamber. 
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Reduced  silicon  donor  incorporation  in  MBE  grown  GaAs  layers  using 
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Si  dopant  incorporation  in  GaAs  layers  is  shown  to  be  reduced  when  dimer  arsenic  is  used.  Si  doped  GaAs  layers  grown  by 
molecular  beam  epitaxy  under  different  arsenic  cracker  conditions  are  studied  by  a  Polaron  doping  profiles  and  secondary  ion  mass 
spectrometry.  Throughout  the  doping  range  of  investigation.  5x10'*  to  2xl0"*  cm"’,  strong  reduction  in  Si  incorporation  is 
observed  as  the  fraction  of  dimer  arsenic  is  increased.  The  reduction  of  Si  incorporation  is  enhanced  as  the  growth  temperature  is 
increased.  Evidence  is  given  to  show  that,  instead  of  Si  self-compensation.  Si  dopants  are  actually  desorbed  in  the  presence  of  dimer 
arsenic.  The  formation  of  volatile  Si, As,  compoundfs)  due  to  the  reaction  between  the  impinging  dimer  arsenic  species  and  the  Si 
dopants  at  the  substrate  surface  may  be  responsible  for  this  phenomenon.  The  activation  energy  of  this  reaction  is  estimated. 


1.  Introduction 

Elemental  arsenic  is  the  major  group  V  source 
used  in  the  molecular  beam  epitaxy  (MBE)  growth 
of  GaAs  and  related  films  because  of  its  conveni¬ 
ent  and  easy  use.  Depending  upon  the  availability 
of  an  As  cracker,  AS4  (tetramer)  as  well  as  As, 
(dimer)  can  be  generated  and  both  are  routinely 
used  for  growth.  The  dimer  arsenic  is  obtained  by 
dissociation  of  the  arsenic  tetramer  via  a  catalytic 
effect  by  passing  As^  through  a  high  temperature 
cracker  [Ij.  The  growth  mechanisms  of  GaAs  using 
AS4  and  As;  are  known  to  be  very  different  (2,3). 
For  the  former,  the  growth  involves  a  complicated 
bi-molecular  interaction  of  AS4  with  adjacent  Ga 
atoms,  and  as  a  result,  four  arsenic  atoms  are 
desorbed  in  form  of  AS4  and  it  is  known  to  be  a 
second  order  reaction.  For  the  latter,  growth  sim¬ 
ply  involves  a  dissociative  chemisorption  of  Asj  to 
Ga  atoms  and  is  known  to  be  a  first  order  reac¬ 
tion.  The  difference  in  growth  mechanism  using 


different  arsenic  species  leads  to  the  conclusion 
that  the  maximum  sticking  coefficient  of  Asv  is 
close  to  unity  and  that  of  AS4  is  0.5  on  a  Ga-rich 
surface.  Therefore  the  use  of  dimer  arsenic  mini¬ 
mizes  the  consumption  of  the  arsenic  source  and 
should  be  able  to  prolong  substantially  the  MBE 
machine  operation  time  without  replenishing  the 
source  charge.  In  addition  to  the  conservation  of 
arsenic  source  material,  there  are  several  reports 
indicating  improvements  of  the  MBE  grown  GaAs 
and  related  layers  using  As,  such  as  elimination  of 
defect-induced  bound  exciton  peaks  in  PL  spectra 
(4j.  minimizing  the  size  and  the  number  of  oval 
defects  [5].  and  reduction  of  deep  level  concentra¬ 
tion  [6]  and  carbon  incorporation  (7). 

Si  is  one  of  the  most  commonly  used  n-type 
dopants  in  MBE  GaAs,  owing  to  its  relatively 
non-amphoteric  behavior  and  low  diffusivity.  The 
behavior  of  Si  incorporation  into  GaAs  grown  by 
AS4  has  been  extensively  studied  [8.9].  It  has  been 
reported  that,  as  long  as  the  solubility  limit  for  Si 
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in  GaAs  is  not  exceeded,  the  Si  doping  concentra¬ 
tion  is  simply  proportional  to  the  Si  arrival  rate, 
or  in  other  words,  the  sticking  coefficient  of  Si  to 
GaAs  is  unity  [9,10].  The  decrease  in  free  carrier 
concentration  for  Si  doped  GaAs  at  elevated  sub¬ 
strate  temperatures  and  for  a  large  Ga/As4  ratio 
is  attributed  to  the  Si  amphoteric  property.  On  the 
other  hand,  although  the  As  2  grown  MBE  GaAs 
and  related  films  have  been  demonstrated  to 
possess  superior  properties  as  mentioned  before, 
studies  concerning  the  Si  dopant  incorporation, 
unlike  the  AS4  case,  remain  lacking.  Therefore, 
comprehensive  studies  of  dopant  incorporation 
behavior  for  MBE  grown  GaAs  and  related  com¬ 
pounds  using  As,  are  needed,  especially  for  those 
applications  where  doping  control  is  crucial. 

In  this  work,  a  strong  reduction  of  Si  donor 
incorporation  in  MBE  grown  GaAs  layers  at  high 
cracker  temperatures  is  reported.  The  reduction  of 
Si  incorporation  is  seen  to  enhance  at  increasing 
substrate  temperature.  The  objective  of  this  study 
is  to  investigate  the  influence  of  different  cracker 
and  substrate  temperatures  on  the  Si  incorpora¬ 
tion  and  to  explore  the  reaction  mechanismfs) 
leading  to  this  dopant  reduction  phenomenon. 

2.  Experimental 

Si  doped  GaAs  layers  are  grown  in  a  Perkin- 
Elmer  430  MBE  system  equipped  with  an  As 
cracking  cell.  The  cracking  cell  consists  of  an  As 
bulk  evaporator  (low  temperature  furnace)  and  a 
molybdenum  cracker  (high  temperature  furnace). 
The  bulk  evaporator  is  used  to  control  the  arsenic 
flux  and  the  cracker  is  used  to  dissociate  AS4  into 
As,.  Since  there  is  no  thermocouple  installed  in 
the  cracker,  the  control  of  cracker  temperature  can 
only  be  made  by  adjusting  the  cracker  current.  In 
growth.  (100)  oriented  n^-GaAs  wafers  are  indium 
mounted  onto  molybdenum  sample  holders.  After 
being  introduced  into  vacuum,  the  samples  are 
outgas.sed  at  300  °C  for  20  min  and  then  trans¬ 
ferred  into  the  growth  chamber.  Before  growth, 
the  samples  are  heated  to  620  °C  for  oxide  re¬ 
moval  and  thermal  cleaning.  Throughout  each 
growth,  the  temperatures  of  the  arsenic  bulk 
evaporator  and  Si  doping  cell  are  kept  constant. 


while  the  cracker  current  (corresponding  to  cracker 
temperature)  is  varied,  ranging  from  5.0  to  6.5  A, 
unless  otherwise  stated,  for  each  layer  of  0.4  /im 
thick  at  a  specific  growth  temperature.  In  order  to 
stabilize  the  change  of  the  cracker  current  in  step, 
the  growth  is  interrupted  for  30  min  between  the 
layers.  For  different  samples,  the  substrate  tem¬ 
perature  is  changed  from  570  to  660  °  C  and  the  Si 
doping  level  is  varied  from  5  X  10'*  to  2  x  10'* 
cm~^. 

A  UTI  100  residual  gas  analyzer  (RGA)  is  used 
to  investigate  the  arsenic  dissociation  efficiency  of 
the  cracker  by  monitoring  the  peak  intensities  of 
major  arsenic  species.  A  Polaron  doping  profiler  is 
used  to  determine  active  Si  dopant  concentrations 
of  the  grown  samples.  Secondary  ion  mass  spec¬ 
trometry  (SIMS)  profiles  are  also  made  for  some 
of  the  samples  to  determine  the  total  Si  concentra¬ 
tions.  An  ion-implanted  sample  is  used  as  the 
standard  reference  for  the  quantitation  of  all  SIMS 
profiles. 


3.  Results  and  discus.sion 

The  carrier  concentration  profiles,  obtained 
from  the  Polaron  profiles,  as  functions  of  the 
substrate  temperature  and  the  cracker  current  are 
shown  in  figs.  1  and  2,  respectively.  It  is  clear  that 
the  carrier  concentration  as  measured  by  Polaron 
decreases  as  the  cracker  current  increases  and  the 
effect  is  enhanced  as  the  substrate  temperature  is 
increased.  In  this  study,  for  samples  grown  at 
660  °C,  the  Si  doping  concentration  drops  from 
1.6x10'*  cm  '  at  a  cracker  current  5.0  A.  to 
5.9  X  lO'^cm  at  6.5  A,  a  decrease  of  nearly  a 
factor  of  3.  However,  for  those  grown  at  570 °C 
with  the  same  cracker  condition,  the  Si  doping 
concentration  drops  only  from  1.9  x  10'*  to  1.7  x 
10'*  cm  showing  a  rather  weak  cracker  temper¬ 
ature  (current)  dependence. 

Carbon  conta.nination  [11]  and  Si  self-com¬ 
pensation  [8]  are  among  possible  mechanisms,  at 
least  for  the  AS4  case,  that  could  lead  to  this 
dopant  reduction  effect.  Although  we  did  observe 
carbon  distribution  near  the  epilayer  and  substrate 
interface  in  the  SIMS  profile  measurement,  the 
carbon  contamination  caused  by  increasing  cracker 
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Fig.  2.  Polaron-measured  Si  doping  concentration  as  a  function  of  cracker  current  with  different  substrate  temperatures.  The  decrease 
of  the  Si  doping  becomes  substantial  when  the  cracker  current  is  larger  than  5.0  A. 
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current  is  very  unlikely  to  be  the  main  reason  for 
this  effect  based  on  the  following  arguments.  We 
have  examined  the  dopant  reduction  effect  as  a 
function  of  dopant  level  ranging  from  S  x  10'^  to 
2  X  10'*  cm“*.  If  the  carbon  contamination  from 
the  cracker  were  the  cause  of  the  effect,  because  of 
the  same  cracker  conditions  used  for  these  sam¬ 
ples  with  different  doping  levels,  we  would  have 
seen  a  stronger  reduction  at  lower  doping  level. 
However,  this  is  not  the  case.  For  the  doping 
levels  investigated,  similar  dependences  are  ob¬ 
served  for  the  Si  incorporation  on  the  cracker 
temperature  (current)  and  substrate  temperature. 
Typical  Polaron  profiles  for  the  samples  grown  at 
630  °C  with  a  Si  doping  level  at  ~  2  X  10**  cm"^ 
is  shown  in  fig.  3a.  The  ~  2  X  10'^  cm”'  doping 
case  is  shown  in  the  inset.  In  addition,  by  compar¬ 
ing  with  a  standard  sample,  we  have  estimated 
only  -  10'^  cm”'  unintentional  carbon  incorpo¬ 
ration  in  GaAs  layers  from  our  preUminary  photo¬ 
luminescence  results,  which  is  in  agreement  with 
those  reported  by  Cho  and  Arthur  [11],  The  carbon 


concentration,  far  below  the  doping  range  that  we 
investigated,  is  too  low  to  result  in  such  a  severe 
change  in  the  measured  doping  density.  Further¬ 
more,  we  have  also  experimented  different  heating 
cycles  at  growth  [12]  and  observed  that  the  doping 
reduction  appeared  to  be  independent  of  the  dif¬ 
ferent  heating  cycles.  If  the  carbon  contamination 
were  the  reason,  we  would  expect  some  depen¬ 
dence  correlated  with  outgassing  due  to  different 
heating  cycles,  which  we  did  not.  This  further 
support  that  the  carbon  contamination  can  be 
ruled  out  from  the  possible  causes  of  the  observed 
effect. 

Before  discussing  Si  self-compensation,  under¬ 
standing  of  the  influence  of  the  cracker  current 
(temperature)  on  the  composition  of  different  ar¬ 
senic  species  is  needed.  To  do  so,  the  RGA  arsenic 
peaks  at  75  (As,-"),  150  (As^^),  225  (As,"-)  and  300 
(AS4  )  amu  are  monitored  with  the  cracker  current 
varying  from  0  to  7  A  while  the  substrate  tempera¬ 
ture  held  at  630  °C.  In  order  to  investigate  the 
cracking  effect  and  minimize  the  background  con- 
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Fig.  3.  (a)  Carrier  concentration  measured  by  Polaron  profiler  and  (b)  Si  concentration  measured  by  SIMS  profiler  for  the  GaAs 
films  grown  at  630  ^  C  with  different  cracker  currents  shown  in  the  figure.  The  inset  shows  a  typical  Polaron  profile  at  lower  doping 

level,  in  this  case,  --  2  x  lO'^cm  " 
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tribution,  the  peaks  are  normalized  to  AS4.  The 
AS3/AS4  ratio  stays  constant  for  the  entire  cracker 
current  range  examined.  Meanwhile,  there  is  a 
slow  increase  of  the  As,/As4  ratio  up  to  a  factor 
of  1.5,  believed  to  be  the  result  of  increase  in  Asj 
as  the  cracker  current  is  increased;  consequently 
when  passing  through  RGA,  the  probability  of 
cracking  As^  into  As,  is  increased.  The  most 
important  feature  in  this  investigation  is  the  dras¬ 
tic  increase  of  the  AS2/AS4  ratio  occurring  ap¬ 
proximately  in  the  current  range  of  5.0  to  7.0  A,  as 
shown  in  fig.  4a.  The  ratio  remains  low  when  the 
cracker  current  is  less  that  4  A.  and  reaches  its 
maximum  as  the  cracker  current  approaches  7  A. 
The  triangles  represent  the  data  taken  during  the 
increasing  of  cracker  current,  while  the  circles  are 
for  the  decreasing  of  cracker  current.  Between 
measurements.  30  min  is  waited  for  stabilizing  the 
arsenic  flux  after  changing  the  cracker  current. 
Even  so.  there  is  a  seeming  hysteresis  effect  ob¬ 
served.  which  is  believed  to  be  the  result  of  insuffi¬ 
cient  time  for  stabilization.  Nevertheless,  the  data 


taken  from  both  the  increasing  and  decreasing 
cracker  current  shows  almost  the  same  influence 
of  the  cracker  current  on  the  AS2/AS4  ratio. 

For  the  AS4  case,  the  growth  temperature  de- 
f>endence  on  the  reduced  net  carrier  concentration 
was  reported  to  be  mainly  due  to  the  Si  amphoteric 
behavior  [8],  i.e.  some  Si  dopants  incorporating 
into  As  sites  instead  of  the  expected  Ga  sites.  The 
similar  growth  temperature  dependence  of  Si  in¬ 
corporation  observed  in  the  present  work,  as  shown 
in  fig.  1,  would  appear  to  suggest  a  similar  mecha¬ 
nism.  However,  from  the  previously  described 
cracker  behavior,  we  know  that  the  amount  of 
dimer  arsenic  increases  rapidly  as  the  cracker  in¬ 
creases  from  5.0  to  7.0  A.  This  fact  along  with  the 
reported  higher  sticking  coefficient  of  AS2  [2,3] 
indicates  that  the  increase  of  the  cracker  current 
should  reduce  the  arsenic  vacancies  on  the  sub¬ 
strate  surface  and  as  a  result  Si  incorporating  into 
As  sites  should  also  reduce.  In  this  case,  the  net 
carrier  concentration  observed  should  increase 
rather  than  decrease  with  the  cracker  current.  This 
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Fig.  4.  (a)  AS2/AS4  ratio  as  a  function  of  cracker  current  measured  from  RGA  peaks.  The  triangle  data  were  measured  with 
increasing  cracker  current,  and  the  circle  data  were  measured  with  decreasing  crackei  current,  (b)  Prefactor  A  in  the  kinetic  equation 

as  a  function  of  cracker  current. 
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is  opposite  to  what  we  observed  in  fig.  2;  therefore 
the  Si  amphoteric  behavior  can  not  be  used  to 
account  for  the  phenomenon.  Moreover,  if  the  Si 
self-compensation  were  the  case  we  would  expect 
to  see  no  reduction  of  atomic  Si  concentration 
from  the  SIMS  profile,  no  matter  what  sites  the  Si 
dopants  are  incorporated  in. 

To  illustrate  the  contrary,  we  show  in  fig,  3  the 
carrier  concentrations  measured  by  a  Polaron  pro¬ 
file  (fig.  3a),  along  with  the  Si  concentrations 
measured  by  SIMS  (fig.  3b),  for  the  layers  grown 
at  630  °C  with  the  cracker  current  varying  from 
4,2  to  7.0  A.  Note  that  the  layers  are  marked  with 
respect  to  the  Polaron  thickness  data.  It  is  obvious 
that  the  Si  SIMS  profile  follows  almost  exactly  the 
same  profile  as  the  Polaron  carrier  concentration, 
e.xcept  that  the  SIMS  result  shows  a  depth  scale  of 
about  lOT  difference  and  the  Si  concentration  is 
measured  to  be  roughly  twice  larger  than  the 
Polaron  result.  The  observed  distinctions  are  be¬ 
lieved  to  be  the  result  of  the  differences  in  etching 
and  calibration  procedures  used  in  these  two  char¬ 
acterization  techniques.  The  general  agreement  of 
the  two  profiles,  a  reduction  in  both  Polaron  and 
SIMS  data,  indicates  that  it  is  actually  the  escape 
of  Si  atoms  from  the  substrate  surface  that  is 
responsible  for  the  carrier  reduction.  Since  the  Si 
vapor  pressure  is  so  low  at  the  growth  temperature 
(  ~  600  °C),  the  direct  escape  of  the  Si  atoms  from 
the  substrate  surface  is  too  little  to  introduce  such 
a  substantial  change.  There  should  be  .some  other 
kinetics  involved  to  cause  the  Si  desorption. 

It  is  evident  from  figs.  2  and  4  that  the  doping 
concentration  is  strongly  dependent  on  the  As,  to 
AS4  ratio,  suggesting  that  the  As,  species  pro¬ 
duced  by  the  cracker  plays  an  important  role  in 
the  reduction  of  the  Si  concentration.  It  is  very 
likely  that  the  Si  dopants  arrived  at  the  GaAs 
surface  react  with  the  impinging  As,,  form  volatile 
Si, As,  compounds  and  desorb  from  the  sample 
surface.  If  this  is  the  case,  the  desorption  is  en¬ 
hanced  and  the  carrier  concentration  decreases  as 
the  cracker  current  increases,  or  as  the  fraction  of 
As,  increa.ses.  Furthermore,  as  the  substrate  tem¬ 
perature  increases,  the  Si, As,  formation  and  de¬ 
sorption  is  enhanced  through  a  thermally  activated 
kinetics,  and  therefore,  the  atomic  Si  concentra¬ 
tion  and  carrier  concentration  drops.  This  pro¬ 


posed  model  can  be  used  to  explain  the  observa¬ 
tions  in  this  study.  Although  there  is  no  direct 
evidence  in  observing  the  compound  for  this 
model,  there  are  several  reported  phenomena  that 
can  be  used  to  support  this  mechanism.  Cho  and 
Arthur  [11]  reported  a  net  background  donor  level 
of  (5-8)  X  iO'^  cm"  '  in  unintentionally  doped 
MBE  GaAs  layers  using  polycrystalline  GaAs  as 
an  arsenic  source  containing  a  ~  lO'*’  cm”'  Si 
impurity  level.  However,  from  the  vapor  pressure 
of  pure  Si  at  the  ttinperature  that  the  polycrystal¬ 
line  GaAs  cell  is  operated,  it  is  straightforward  to 
verify  that,  even  with  intentionally  doped  GaAs 
layers  using  a  Si  doping  cell,  at  this  temperature 
the  doping  level  cannot  be  as  high  as  (5-8)  x  10’' 
cm"'.  The  direct  evaporation  fo  Si  from  such  a 
low  Si  impurity  polycrystalline  GaAs  source  (being 
less  than  2  X  10"’  in  terms  of  the  fractional  con¬ 
centration  of  volumetric  atomic  sites)  is  very  un¬ 
likely  to  introduce  an  approximately  10''  cm"' 
background  dopant  concentration.  The  prefer¬ 
ential  escape  of  volatile  Si-As  compound(s)  (such 
as  Si,  As, )  from  the  source  is  more  likely  to  occur. 
In  addition,  there  is  another  supportive  evidence 
in  a  gas  phase  pickup  mechanism  of  Si.  which  has 
been  reporter!  for  Si  incorporation  in  GaAs-on-Si 
heteroepitaxy  by  MOCVD  [13].  In  their  work,  the 
authors  have  observed  high  unintentional  doping 
levels  caused  by  the  gas  phase  pickup  of  Si,  either 
from  the  substrate  edge  or  from  a  Si  piece  placed 
next  to  the  substrate,  and  incorporated  into  the 
GaAs  layer.  It  is  entirely  possible  that  in  their 
work,  the  formation  of  a  similar,  but  not  neces¬ 
sarily  the  same  as  our  MBE  ca.se.  volatile  Si-As 
compound(s)  occurs  on  the  Si  surface  in  the  gas 
flow  and  the  compoundts)  is  then  carried  to  de¬ 
posit  into  the  epitaxial  layer.  Moreover,  from  the 
p~T-x  phase  diagram  of  the  Si-As  system,  Ugai 
et  al.  [14]  reported  the  existence  of  two  com¬ 
pounds  in  this  .system:  SiAs,  which  melts  con- 
gruently  at  1083°  C  with  an  equilibrium  vapor 
pressure  of  0.5  aim.  and  SiAs,.  which  decompose 
through  a  peritectic  reaction  at  944° C  with  an 
equilibrium  pre.s.sure  of  1.25  atm.  It  i;.  reasonable 
to  expect,  based  on  the  high  vapor  pressure  na¬ 
tures  of  these  compounds  just  mentioned,  that  at 
the  growth  temperature  (~600°C)  the  vapor 
pressure  of  the  compound(s)  is  high  enough  to 
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escape  from  the  sample  surface.  This  further  sup¬ 
ports  our  model:  formation  of  the  volatile  Si-As 
compounds. 

Invoking  this  model,  the  net  carrier  concentra¬ 
tion  measured  can  be  estimated  from  the  competi¬ 
tion  between  incorporation  and  desorption  of  the 
Si  dopants.  The  measured  net  carrier  concentra¬ 
tion,  n.  can  be  modelled  by 

n  =  No[l-Atxpi~EykT)], 

where  is  the  atomic  concentration  of  dopants 
reaching  the  GaAs  surface,  A  is  a  constant  pro¬ 
portional  to  As  2  fraction,  is  the  desorption 
activation  energy,  k  is  the  Boltzmatm  constant 
and  T  is  the  substrate  temperature  in  kelvin.  The 
A  exp(  -  E^/kT)  term  accounts  for  the  desorption 
of  Si  dopants  due  to  arsenic  dimers.  In  order  to 
estimate  the  activation  energy,  a  determination  of 
is  needed.  As  seen  from  fig.  3,  the  carrier 
concentration  remains  almost  constant  as  the 
cracker  current  becomes  lower  than  5  A.  This 
observation  along  with  the  reported  unity  sticking 


coefficient  of  Si  at  low  (or  no)  arsenic  dimer  case 
suggest  that  it  is  reasonable  to  choose  the  carrier 
concentration  corresponding  to  a  growth  tempera¬ 
ture  of  570  °  C  and  a  cracker  current  of  5  A  for  Nq. 
The  plot  of  log(l  —  n/Ng)  versus  lOOO/T  is  de¬ 
picted  in  fig.  5.  It  is  not  surprising  that  the  slopes 
of  all  the  curves  correspond  to  different  cracker 
currents  are  very  close  to  each  other,  indicating  a 
unique  activation  energy.  The  activation  energies 
obtained  for  cracker  currents  ranging  from  5.0  to 
6.5  A  are  calculated  to  range  from  1.29-1.51  eV 
(average  1.4  eV).  It  is  worth  noting  that  the  large 
relative  errors  introduced  by  the  choice  of  Ng  and 
the  measured  concentrations  for  layers  grown  at 
low  temperature  (570  °C)  will  result  in  a  large 
error  in  the  calculated  activation  energies.  The 
substantial  variation  of  the  activation  energies  ob¬ 
tained  above  is  the  result  of  this  error.  However, 
the  close  calculated  values  are  indeed  a  good 
indication  that  only  one  reaction  (or  compound) 
leads  to  the  Si  dopant  reduction,  unless  different 
volatile  compounds  are  formed  and  they  have 


Temperature  CC5 
660  630  600  570 


Fig.  5.  Plo'  of  log(l  -  n/Ng)  versus  1000/7  for  the  cracker  current  ranging  from  5.0  to  6.5  A.  The  slopes  corresponding  to  activation 

energies  are  estimated  to  be  - 1 .4  eV. 
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close  desorption  activation  energies.  Besides,  the 
log(l  -  n/N^)  values  become  smaller  as  the  cracker 
current  decreases,  also  shown  in  fig.  5,  and  this  is 
in  agreement  with  the  decrease  of  Asj  species.  For 
the  temperature  range  of  interest,  prefactors  A  in 
the  kinetic  equation  for  different  cracker  currents 
are  determined  and  plotted  in  fig.  4b  with  the 
right-hand  side  abscissa.  It  is  clear  that  the  A 
value  as  a  function  of  cracker  current  follows  the 
same  trend  of  the  AS2/AS4  ratio.  This  and  the 
close  activation  energy  calculated  support  the  pro¬ 
posed  mechanism  of  the  formation  Si- As  volatile 
compound(s).  Further  experiments  and  mecha¬ 
nism  studies  are  actively  under  way  to  explore  the 
exact  reaction  and  kinetics  of  this  observed  doping 
reduction. 


4.  Conclusion 

A  reduction  of  Si  incorporation  in  MBE  GaAs 
layers  with  increased  cracker  current  and  substrate 
temperature  is  reported.  We  have  observed  that, 
unlike  AS4,  Asj  tends  to  reduce  Si  donor  con¬ 
centration.  Si  self-compensation  and  carbon  con¬ 
tamination  cannot  be  used  to  account  for  the 
observed  effect.  Instead,  Si  appears  to  desorb  in 
the  presence  of  Asj.  Formation  of  volatile  Si-As 
compound(s)  with  Asj  is  proposed  to  account  for 
the  escape  of  Si  dopants.  The  activation  energy  of 
the  desorption  is  estimated  to  be  -  1.4  eV  for  the 
cracker  current  ranging  from  5.0  to  6.5  A.  The 
exact  Si-As  compound  is  yet  to  be  determined. 
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We  report  on  hydrogen  passivation  of  Si  and  Be  delta  doped  GaAs  grown  by  molecular  beam  epitaxy.  The  delta  doped  structures 
were  exposed  to  low  energy  and  low  frequency  hydrogen  and  deuterium  plasmas.  Secondary  ion  mass  analysis  shows  hydrogen  and 
deuterium  incorporation  at  the  dopant  sites.  Electrical  analysis  of  the  samples  reveals  total  deactivation  of  the  Si  atoms  and  only  a 
partial  (35%-50%)  deactivation  of  the  Be  atoms.  Photoluminescence  measurements  of  the  hydrogenated  Si  doped  structures  indicate 
a  disappearance  of  above  band  gap  transitions  associated  with  free  carriers  and  enhancement  of  transitions  related  to  background 
acceptors. 


1.  Introduction 

Hydrogenation  in  III-V  semiconductors  is 
known  to  render  donors,  acceptors  and  deep  levels 
inactive.  This  phenomenon,  commonly  known  as 
passivation,  has  been  utilized  for  improved 
material  properties  such  as  enhancement  of  mobil¬ 
ity  in  epitaxial  and  bulk  grown  GaAs.  Recently 
hydrogenation  has  been  used  in  the  fabrication  of 
a  new  device  called  a  hydrogenated  channel  FET 
[1].  In  addition  AlGaAs/GaAs  quantum  well 
la.sers  have  been  fabricated  where  hydrogenation 
is  used  to  provide  current-guiding  through  the 
heterostructure  [2],  It  has  become  clear  that  unin¬ 
tentional  introduction  of  Hj  in  Ill-V  processing 
steps,  such  as  plasma  etching,  bulk  and  epitaxial 
crystal  growth  by  LEC,  and  MOCVD,  results  in 
hydrogen  incorporation,  which  may  contribute  to 
the  modification  of  the  properties  of  the  material 
(31. 

While  numerous  studies  exist  in  the  literature 
on  passivation  of  acceptors  and  donors  in  IlI-V 
compounds  [3],  there  has  been  no  report  on  the 
effect  of  hydrogen  on  lamella  dopied  structures 


where  dopant  atoms  are  confined  to  a  two-dimen¬ 
sional  plane  in  the  III-V  matrix.  We  have  ex¬ 
amined  the  effect  of  hydrogenation  on  the  electri¬ 
cal,  chemical  and  optical  properties  of  Si  and  Be 
delta  doped  GaAs.  Our  results  are  presented  in 
this  paper. 


2.  Experimental 

The  delta  doped  samples  were  grown  in  a  Varian 
Gen  II  chamber  with  AS4  at  a  growth  temperature 
of  540  °C.  Delta  doping  was  accomplished  by 
interrupting  GaAs  growth  (closing  Ga  shutter 
only),  simultaneously  opening  the  dopant  shutter 
and  subsequently  resuming  GaAs  growth  [4],  The 
substrates  used  were  semi-insulating  and  N  (100) 
oriented  GaAs.  Two  sample  structures  were  em¬ 
ployed,  the  first  sample  consists  of  an  undoped 
GaAs  buffer  layer,  5000  A  thick,  two  delta  doped 
layers  separated  by  500  A  of  undoped  GaAs  and  a 
500  A  undoped  GaAs  cap.  The  second  structure 
consists  of  a  5000  A  Be  doped  buffer  layer,  a  2500 
A  undoped  GaAs  layer,  two  Be  delta  doped  re- 
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gions  that  are  separated  by  another  2500  A  thick 
GaAs  and  a  2500  A  GaAs  cap  layer.  Hydrogena¬ 
tion  was  done  by  exposing  the  as-grown  structures 
to  a  low  frequency  (30  kHz)  and  low  power  den¬ 
sity  (0.08  W  cm~~)  hydrogen  or  deuterium  (D) 
plasma  at  250  “C  for  30  min  under  a  pressure  of 
0.75  Torr.  These  conditions  were  chosen  in  order 
to  minimize  surface  degradation  of  the  samples 
and  reduce  deep  level  defect  introduction  [5].  Deu- 
terated  samples  were  used  for  secondary  ion  mass 
spectrometry  (SIMS)  analysis  because  of  the  in¬ 
creased  detection  sensitivity  for  D  in  contrast  to 
the  detection  limit  for  H.  Following  hydrogena¬ 
tion.  the  samples  were  characterized  by  capaci¬ 
tance-voltage  (C-F),  Hall  effect,  SIMS  and  pho¬ 
toluminescence  (PL)  measurements. 


3.  Results  and  discussion 

Fig.  la  depicts  the  SIMS  profile  of  the  as-grown 
and  deuterated  Si  delta  doped  samples.  Two  peaks 
are  evident  and  are  located  at  a  depth  500  and 
1000  A  from  the  su'face.  The  Si  peaks  illustrate 
the  delta  doping,  and  the  ‘D  peak  indicates  the 


Fig.  1.  SIMS  depth  profiles  of  Si  and  Be  delta  doped  GaAs 
showing  as-grown  (Si  and  Be)  and  deuterium  peaks  at  the 
dopant  sites. 


Fig  2.  C -V  profiles  of  Si  and  Be  before  and  after  hydrogenation.  The  Si  concentration  is  decreased  hy  three  orders  of  magnitude 

The  Be  concentration  is  decreased  hv  .T‘»T-50%. 
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bonding  of  D  to  the  Si  atoms  after  exposure  to  the 
plasma.  Fig.  lb  illustrates  the  Be  doping  and  the 
bonding  of  to  the  Be  atoms  after  subjecting  the 
sample  to  the  plasma.  A  "D  concentration  of 
2.5  X  10'**  cm“  ’  is  measured  in  the  Be  delta  doped 
spikes  and  1  x  10'^  cm'^  in  the  uniformly  doped 
buffer. 

Fig.  2a  shows  the  electrical  profile  of  the  Si 
delta  doped  sample  before  and  after  hydrogena¬ 
tion.  The  as-grown  sample  indicates  only  a  single 
peak  instead  of  the  actual  two  spikes  because  of 
the  high  electric  field  breakdown  during  C-V 
profiling.  The  Si  doping  is  measured  to  be  6  x  10'** 
cm  '  in  the  as-grown  sample.  The  insert  shows  a 
detailed  C~V  profile  and  it  indicates  a  full  width 
at  half  maximum  of  47  A  in  spite  of  the  relatively 
high  growth  temperature  (540  °C)  for  delta  doping 
[6].  Following  hydrogenation,  C-V  profiles  indi¬ 
cate  broad  peaks  with  a  concentration  of  less  than 
lO'*’  cm  '.  The  peak  located  at  about  0.8  /am  is 
due  to  unintentional  Si  accumulation  at  the  epi¬ 
taxy-substrate  interface  [7].  It  is  clear  from  these 
measurements  that  in  the  delta  doped  regions, 
most  of  the  Si  donor  atoms  are  passivated  after 
hydrogenation. 

Fig.  2b  depicts  the  doping  profiles  of  as-grown 
and  the  hydrogenated  Be  delta  doped  GaAs.  We 
see  that  the  hole  concentration  has  decreased  from 
.7.5  X  lO'**  to  1.8  X  I0'**cm  '  in  the  first  Be  spike 
and  from  1.3  x  lO'**  to  8.4  x  lO'**  cm  '  in  the 
uniformly  doped  region.  Only  35T-50^?  of  the 
dopants  are  pa.ssivated.  This  is  in  sharp  contrast  to 
the  donor  case  (Si)  where  most  of  the  donor  atoms 
are  passivated.  Such  differences  in  the  magnitude 
of  passivation  between  donors  (Si)  and  acceptors 
(Be)  has  been  observed  in  hydrogenated  uniformly 
doped  GaAs  (8,9). 

Low  temperature  PL  measurements  on  the  del¬ 
ta  doped  and  hydrogenated  samples  show  en¬ 
hancements  in  the  PL  intensity  in  the  hydro¬ 
genated  samples.  Fig.  3a  shows  PL  spectra  from 
the  as-grown  and  hydrogenated  Si  delta  doped 
sample.  The  a.s-grown  sample  luminescence  con¬ 
sists  t)f  three  main  peaks  at  1.521,  1.516,  and  1.489 
eV.  We  as.stK'iate  the  above  band  gap  peak  at 
1.521  eV  with  the  free  carrier  luminescence,  and 
the  1.516  eV  peak  to  a  bound  exciton.  The  1.489 
eV  peak  is  ascribed  to  the  donor  acceptor  transi- 


Fig.  3.  Phoioluminescence  from  the  delta  doped  samples  before 
and  after  hydrogenatiim.  Note  the  absence  of  the  above  band 
gap  luminescence  in  (a)  and  the  increa.se  of  the  impurity 
related  peaks  at  1.4X9  and  1.477  eV  following  hydrogenation  in 
(a)  and  (b),  respectively. 


tion  involving  a  contaminant  such  as  carbon.  The 
Uxiation  in  energy  of  the  1.489  eV  peak  from  the 
band  edge  would  support  our  C  assignment  since 
C  has  an  ionization  energy  of  27  meV,  The  above 
band  gap  luminescence  at  1.521  eV  is  due  to  the 
free  carriers:  we  have  observed  it  only  in  highly  Si 
doped  (A'  >  10'**  cm  ')  GaAs  samples.  The 
luminescence  is  related  to  recombination  between 
the  photoexcited  holes  and  the  free  electrons  di.s- 
tributed  between  the  Fermi  level  and  the  bottom 
of  the  conduction  band  (Moss  Burstein  shift) 
(10,11).  After  hydrogenation,  we  find  that  the 
above  band  gap  luminescence  di.sappears,  support¬ 
ing  our  interpretation  that  the  peak  is  related  to 
the  free  carriers,  since  we  have  observed  total 
passivation  of  the  free  carriers.  We  see  an  increase 
by  a  factor  of  10  in  the  C  related  peak  at  1.489  eV. 
We  asscK'iate  the  increased  PL  intensity  with  pas- 
.sivation  of  nonradiative  centers  such  as  Ml.  M3 
and  M4  (12)  in  MBF.  grown  GaAs  and  to  en- 
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hanced  recombination  of  photoexciled  carriers  via 
the  C  acceptor. 

Fig.  3b  represents  the  low  temperature  PL  of 
Be  delta  doped  GaAs  before  and  after  hydrogena¬ 
tion.  The  only  peak  present  in  this  spectrum  is 
related  to  a  donor-to-acceptor  or  free-to-acceptor 
transition  involving  Be  acceptors  and  it  has  a 
FWHM  of  25  meV.  This  large  width  may  be  due 
to  the  high  Be  concentration  in  the  delta  doped 
region.  Similar  spectra  have  been  observed  in 
highly  Si  doped  GaAs  [13].  It  is  clear  from  this 
figure  that  an  enhancement  of  the  acceptor  related 
luminescence  peak  at  1.477  eV  has  occurred  after 
hydrogenation  analogous  to  the  Si  delta  doped 
case.  The  lower  PL  intensity  in  the  a.s-grown  sam¬ 
ple  may  be  caused  by  nonradiative  centers  such  as 
native  defects  [12]  and  Be  precipitates  (Be,)  [14,15]. 
Be,  are  introduced  in  homogeneously  doped  GaAs 
if  the  doping  level  exceeds  4  x  10"'  cm  '  [15]  and 
Be,  have  been  shown  to  participate  in  the  forma¬ 
tion  of  non-radiative  centers  [15]. 

4.  Conclusion 

We  have  shown  that  Be  and  Si  delta  doped 
Ga.^s  can  be  passivated  when  exposed  to  a  hydro¬ 
gen  plasma.  We  find  that  all  donors  are  passiva¬ 
ted.  whereas  only  35*? -50"?  of  the  acceptors  are 
passivated.  The  implications  of  this  work  is  that  it 
offers  device  de.signers  a  method  of  intrtxlucing 
lamella  regions  of  hydrogen  and  may  also  have 


applications  in  two  dimensional  planar  compo¬ 
nent  isolation  in  processing  steps  for  devices. 
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Atomic  carbon  doping  by  solid-source  molecular  beam  epitaxy  (MBE)  using  a  resistively  heated  graphite  filament  is  investigated. 
Reproducible  doping  levels  up  to  10'“ cm”’  are  obtained  with  good  hole  mobilities.  Results  concerning  the  high  limit  of  bulk  doping 
and  6-doping  with  carbon  are  presented.  A  systematic  variation  of  the  V/III  ratio  showed  no  evidence  of  an  amphoteric  behavior  of 
carbon.  Comparison  with  beryllium  doped  layers  grown  in  the  same  MBE  system  shows  similar  optical  quality  for  the  low  doping 
range  and  degradation  for  carbon  doping  only  above  lO'^cm’  ’.  Carbon  memory  effects  are  found  to  be  negligible  after  the  growth 
of  thin  doped  layers.  These  results  show  that  carbon  could  replace  advantageously  beryllium  in  most  electronic  and  optical  devices. 


1.  Introduction 

There  has  been  considerable  interest  in  recent 
years  on  p-type  doping  of  GaAs  with  carbon.  The 
high  solubility  of  carbon  in  GaAs,  its  straightfor¬ 
ward  behavior  as  a  shallow  acceptor  and  its  ex¬ 
tremely  low  diffusion  coefficient  render  it  an  ex¬ 
cellent  candidate  for  high  doping  of  GaAs.  Con¬ 
trolled  incorporation  of  carbon  as  an  acceptor  up 
to  high  levels  has  been  demonstrated  from  tri- 
methylgallium  or  trimethylaluminum  using  metal- 
organic  molecular  beam  epitaxy  [1-4]  and  metal- 
organic  chemical  vapor  deposition  [5].  The  incom¬ 
plete  di.ssociation  of  the  metal-C  bond  is  in  all 
cases  responsible  for  the  high  efficiency  of  the 
carbon  incorporation  in  the  As  sublattice  as  an 
acceptor. 

In  conventional  solid  source  molecular  beam 
epitaxy  (MBE).  Be  is  commonly  used  as  p  type 
dopant  [6J.  The  maximum  doping  level  is  limited 
to  about  1  X  lO’"  cm  ’  due  to  thermal  diffusion 
and  interstitial  incorporation  of  Be  when  growing 
around  580  °C.  A  higher  maximum  doping  level 
of  2  X  lO’"  cm  ’  can  be  achieved  when  growing  at 
lower  temperatures  [7], 

Carbon  doping  in  solid-source  MBE  using  a 
resistively  heated  graphite  filament  has  recently 
been  succesfully  demonstrated  [8].  In  the  pre.sent 
work  we  concentrate  on  growth  issues  and  on 


basic  characterizations  aiming  at  increased  knowl¬ 
edge  of  the  quality  of  carbon-doped  materials 
grown  by  this  novel  technique.  In  order  to  clearly 
discriminate  the  specific  effects  related  to  the 
presence  of  carbon  as  dopant  from  the  high  dop¬ 
ing  effects,  we  compare  directly  with  Be-doped 
layer'  grown  in  exactly  identical  conditions  since  a 
con'  ■  onal  beryllium  effusion  cell  is  also  availa¬ 
ble  in  ihe  same  MBE  system.  Hall.  SIMS,  and 
photoluminescence  (PL)  measurements  were  per¬ 
formed  on  the  samples. 


2.  Experimental 

Samples  were  grown  in  a  VG  V80H  MBE  sy.s- 
tem  on  (100)  oriented  GaAs  substrates.  The  gra¬ 
phite  filaments  were  cut  in  a  serpentine  shape 
from  rectangular  sheets  of  high  purity  graphite  to 
have  a  resistance  of  approximately  1  Q.  Two  fila¬ 
ments  were  mounted  side  by  side  with  tantalum 
nuts  on  tantalum  rtxls  and  surrounded  by  a  cylin¬ 
drical  tantalum  radiation  shield.  The  rods  were 
connected  to  a  triple  vacuum  current  feedthrough 
attached  to  one  of  the  cell  ports. 

The  structure  of  the  samples  we  used  for  this 
.study  was  one  of  the  following  three:  (i)  5000  A 
doped  GaAs;  (ii)  .samples  comprising  1  itm  of 
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doped  GaAs  sandwiched  between  two  1000  A 
Alo3Gao7As  layers  and  capped  with  a  thin  GaAs 
layer,  specifically  designed  for  optical  measure¬ 
ments  to  avoid  the  recombination  of  photoexcited 
carriers  at  the  free  surface  and  to  ensure  that  there 
are  no  photoexcited  carriers  in  the  buffer  layers; 
(iii)  sequence  of  doped  or  undoped  GaAs  quan¬ 
tum  wells  separated  by  300  A  AlojGao.7As  and 
capped  by  1500  A  Alo,3Gao7As.  All  samples  were 
grown  on  an  unintentionally  doped  buffer  includ¬ 
ing  a  short  period  superlattice  sequence  for  type 
(ii)  and  (iii)  samples.  All  samples  were  grown 
using  Asj  beams  with  a  GaAs  growth  rate  of  1 
fim/h.  The  growth  temperature  was  measured  by 
a  calibrated  near-infrared  pyrometer.  It  was  varied 
between  550  and  600  °C  for  Be-doped  samples 
and  between  580  and  630  °C  for  C-doped  sam¬ 
ples. 

The  photoluminescence  spectra  were  taken  at  6 
K  with  a  He-Ne  laser  (X  =  632.8  nm,  =  1 
W/cm‘),  at  300  K  with  an  Ar^  laser  \  =  514  nm, 
=  1  kW/cm^)  and  detected  with  a  Ge  detector 
or  an  optical  multichannel  analyzer. 


FILAMENT  TEMPERATURE  (K) 

3500 _ 2250 _ 2000 


4.0  4.5 

104/T(K) 


Fig.  1 .  Measured  concentration  of  holes  at  300  K  in  GaAs :  C 
as  a  function  of  the  temperature  of  the  graphite  filament 
measured  with  a  hot-wire  pyrometer.  The  data  points  follow 
the  total  carbon  vapor  pressure  over  graphite  from  ref.  19) 
shown  as  a  soUd  line. 


3,  Results 

3.1.  Carbon  incorporation 

C-dopted  GaAs  samples  with  mobilities  com¬ 
parable  to  those  of  Be-doped  samples  were  ob¬ 
tained  for  doping  densities  up  to  1  x  10’°  cm"^. 
with  smooth  surfaces  below  3  x  lO'^cm'^  Fig.  1 
shows  that  the  doping  follows  the  total  carbon 
vapor  pressure  [9].  The  temperature  of  the  gra¬ 
phite  filament  was  measured  using  a  hot-wire 
pyrometer.  Single  readings  have  large  error  bars 
( ±  25  K)  but  the  fact  that  the  measured  temperas 
tures  follow  exactly  a  P''*  law  between  1600  and 
2400  K  indicates  that  (i)  temperature  values  meas¬ 
ured  by  the  hot-wire  pyrometer  are  reliable  and 
(ii)  heat  losses  are  dominated  by  radiant  losses. 
Using  the  electrical  power  and  the  corresponding 
filament  temperature  as  inputs  in  Stefan’s  law 
with  an  emissivity  factor  of  0.8  [9],  we  find  a 
radiant  area  of  3.6  cm^  very  close  to  the  geometri¬ 
cal  area  (3.2  cm^)  of  the  thin  part  of  the  filament. 
Using  the  Hertz- Knudsen  formula  with  the  esti¬ 


mated  filament- substrate  distance  (<f=15  cm) 
and  with  carbon  evaporation  coefficient  a^.  =  0.18 
[10],  we  calculate  from  fig.  1  a  total  number  of 
carbon  atoms  impinging  on  the  substrate  two  times 
larger  than  the  actual  doping.  Tliis  discrepancy 
can  be  attributed  to  the  large  uncertainty  of  the 
vapor  pressure  data  and  of  the  geometrical  factors 
or  to  the  fact  that  C2  and  C,  molecular  species  are 
present  in  the  vapor  pressure  and  can  even 
dominate  C,  atoms  for  the  highest  temperatures 
of  the  filament  [lOj. 

Attempts  to  grow  layers  doped  above  1  X  10* 
cm"’  gave  consistently  hole  concentrations  much 
smaller  than  expected  from  fig.  1  together  with 
reduced  mobilities.  Nomarski  microscope  pictures 
of  the  surface  of  these  samples  showed  a  char¬ 
acteristic  isotropic  short-scale  roughness.  For  all 
doping  ranges  a  correlation  is  observed  between 
reduction  of  the  carrier  density  and  appearance  of 
roughness.  The  carbon  concentration  was  meas¬ 
ured  by  SIMS  on  some  of  the  samples.  It  is  found 
to  agree  within  30%  with  the  measured  Hall  car- 
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rier  concentration  below  1  x  10^®  cm~’  and  with 
the  intended  concentration  extrapolated  using  the 
vapor  pressure  curve  above  1  x  10^®  cm“’.  This 
electrical  inactivity  of  carbon  for  the  highest  con¬ 
centrations  could  be  related  to  the  incorporation 
of  the  already  mentioned  Cj  and  C,  molecular 
species  or  to  the  incorporation  of  C,  as  interstitial. 

3.2.  V/  HI  ratio  dependence 

The  incorporation  of  carbon  atoms  as  acceptors 
in  substitutional  sites  for  As  atoms  should  be 
favored  by  a  low  As  pressure  during  growth  if  the 
carbon  has  an  amphoteric  behavior.  We  varied 
systematically  the  V/III  ratio  for  a  series  of  sam¬ 
ples  grown  at  580  °C  and  nominally  doped  at  a 
density  of  9  X  lO'^*  cm  The  electrical  activity  of 
carbon  is  found  to  be  quite  independent  of  the 
V/111  ratio  as  long  as  the  growth  takes  place 
under  As-stabilized  conditions  (fig.  2).  The  PL 
intensity  at  room  temperature  and  at  low  tempera¬ 
ture  is  also  independent  of  the  V/III  ratio  for 
As-stabilized  conditions.  In  contrast,  the  sample 
grown  under  Ga-rich  condi  lions  has  a  slightly 
reduced  hole  density  and  PL  intensities  reduced 
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Asj/Go  BEP  RATIO 


Fig.  2  Resistivity  at  300  and  77  K  of  C-doped  samples  with 
the  same  nominal  doping  as  function  of  the  V/III  beam 
equivalent  pressure  ratio.  Above  the  threshold  for  As  stabiliza¬ 
tion  the  resistivity  is  approximately  constant. 
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Fig.  3.  Carrier  density  measured  at  300  K  in  GaAs  8-doped 
with  carbon  as  a  function  of  the  expected  density.  The  highest 
value  obtained  is  3.8  X 10'"  cm  '  ■.  Attempts  to  further  increase 
the  planar  doping  result  in  compensation. 


by  a  factor  of  10  as  compared  to  the  other  sam¬ 
ples.  correlated  with  its  degraded  morphology. 
These  results  imply  that  carbon  is  not  exhibiting 
any  amphoteric  behavior  at  this  doping  level  and 
that  successful  doping  with  carbon  is  possible  in  a 
very  wide  range  of  growth  conditions. 

3. 3.  8-doping 

Results  on  the  electrical  activity  of  carbon  in 
6-doped  planes  are  summarized  in  fig.  3.  The 
various  samples  have  been  grown  under  very  dif¬ 
ferent  conditions  and  at  different  times,  but  they 
clearly  show  a  general  tendency.  The  maximum 
doping  obtained  in  a  single  plane  is  3.8  X  10’’ 
cm"^.  fi-Doped  planes  with  intended  densities 
higher  than  1  X  lO’’  cm  ■  are  systematically 
strongly  compensated. 

3.4.  PL  results 

The  PL  spectra  of  Be-doped  samples  (fig.  4) 
show  the  expected  behavior  of  highly  doped  p-type 
GaAs  [11]  with  a  low  energy  peak  associated  to 
k-conserving  transitions  and  a  high  energy  shoul¬ 
der  at  the  Fermi  level  of  holes  due  to  k-noncon- 
serving  transitions.  This  Fermi  edge  is  clearly  visi- 
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ENERGY  (eV) 

Fig.  4.  Normalized  low  temperature  PL  spectra  of  thick  (0.5-1 
pm)  Be-doped  GaAs  samples  for  various  doping  levels.  Note 
the  red  shift  of  the  peak  associated  to  ft-conserving  transitions 
with  increasing  band-gap  renormalization. 

ble  in  the  spectrum  for  p  =  1.2  X  10''*  cm  ■'  (the 
doping  concentrations  were  measured  by  the 
Hall-Van  der  Pauw  method  at  room  temperature). 
The  band  gap  renormalization  effect  is  responsible 
for  the  red  shift  of  the  principal  peak  for  increased 
carrier  concentrations.  The  integrated  PL  intensity 
goes  through  a  maximum  for  doping  in  the  low- 
10''’cm'  ’  range. 

The  PL  spectra  for  carbon  doping  up  to  =  5  X 
10''' cm'’  are  similar  in  lineshape  and  intensity  to 
those  of  beryllium.  On  the  other  hand  the  inten¬ 
sity  ratio  starts  degrading  for  higher  doping  indi¬ 
cating  the  presence  of  non-radiative  recombina¬ 
tion  centers.  In  none  of  the  samples  did  we  detect 
luminescence  between  0.7  eV  (limit  of  the  Ge 
detector)  and  the  band-edge  luminescence.  The  PL 
intensity  ratio  results  at  room  temperature  repli¬ 
cated  those  at  6  K.  The  presence  of  defects  in  the 
C-doped  layers  is  confirmed  by  the  fact  that  the 
integrated  PL  intensity  can  be  improved  by  a 


factor  of  1.5  to  8  after  10  s  rapid  thermal  anneal¬ 
ing  at  900  °C. 

3. 5.  Memory  effects  of  carbon  doping 

The  band-acceptor  PL  transition  at  6  K  of  two 
undoped  quantum  wells  sandwiching  a  highly 
carbon  doped  quantum  well  was  used  as  an  opti¬ 
cal  probe  for  the  presence  of  carbon  atoms  300  A 
away  from  their  intended  incorporation  region. 
The  PL  of  this  sample  after  10  s  annealing  at 
860  °C  is  presented  in  fig.  5.  The  spectrum  of  the 
non-annealed  sample  is  identical  except  that  an¬ 
nealing  has  enhanced  by  a  factor  of  8  the  PL 
intensity  of  the  doped  well  (QW2).  The  undoped 
wells  show  PL  intensity  and  lineshape  identical  to 
what  is  obtained  in  samples  having  no  doped  well. 
This  implies  that  the  doping  of  QW2  introduces 
no  degradation  of  the  interfaces.  The  e-A®  transi¬ 
tions  of  QW3  (hardly  visible  at  the  scale  of  fig.  5) 
are  not  more  intense  than  those  of  QWl  which 
was  grown  before  any  doping  in  the  sample.  This 
indicates  no  significant  memory  effect  or  segrega¬ 
tion  during  growth.  Furthermore,  the  unchanged 
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Fig.  5.  PL  spectrum  of  one  heavily  C-dop)ed  quantum  well 
sandwiched  between  two  unintentionally  doped  quantum  wells. 
The  spectrum  demonstrates  the  absence  of  sizeable  segrega¬ 
tion.  diffusion  or  memory  effects  of  carbon  dopant  atoms  over 
the  300  A  AIGaAs  barriers  (see  text). 
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PL  of  QWl  and  QW3  after  annealing  shows  that 
there  is  no  outdiffusion  of  defects  or  carbon  atoms 
to  the  neighbouring  wells. 

4.  DisciBsion 

The  reason  for  the  observed  saturation  of 
carbon  doping  in  bulk  and  spikes  is  not  under¬ 
stood  yet.  This  saturation  is  associated  with  de¬ 
graded  morphology  and  minority  carrier  lifetime. 
Possible  causes  include  (i)  incorporation  of  non- 
dissociated  C-C  bonds  in  form  of  C2  or  C3  mole¬ 
cules  present  in  the  vapor  pressure  and  (ii)  incor¬ 
poration  of  excess  carbon  atoms  in  interstitial  sites 
similarly  to  the  case  of  beryllium.  Carbon  pairing 
is  less  likely  given  the  absence  of  amphoteric 
behavior  of  carbon.  Since  we  observed  the  same 
high-doping  limit  using  filaments  cut  from  high 
grade  purity  and  less  pure  graphite,  the  incorpora¬ 
tion  of  impurities  from  the  filament  is  probably 
not  the  reason.  We  can  also  rule  out  the  side 
effects  of  the  presence  of  the  elevated  filament 
temperature  in  the  system  (i.e.  impurity  ionization, 
outgassing  from  the  shrouds,  high  Hj  pressure) 
since  the  same  maximum  doping  ( ~  1  X  10“® 
cm  ')  was  obtained  with  a  filament  placed  25  cm 
away  from  the  substrate  instead  of  15  cm,  neces¬ 
sitating  therefore  a  much  higher  operating  temper¬ 
ature  for  the  same  doping  level. 

5.  Conclusions 

Reproducible  carbon  doping  levels  up  to  10^® 
cm  ’  with  good  electrical  properties  have  been 
obtained  in  GaAs  using  a  resistively  heated  gra¬ 
phite  filament  in  conventional  solid-source  MBE. 
The  V/IIl  ratio  during  growth  has  been  varied 
and  no  evidence  of  an  amphoteric  behavior  of 
carbon  has  been  observed. 

Comparison  with  Be-doped  layers  grown  in  the 
same  system  shows  similar  optical  quality  for  the 
low  doping  range  and  degradation  for  carbon 


doping  only  above  lO'®  cm“^.  Excellent  optical 
properties  are  conserved  in  the  immediate  vicinity 
of  highly  C-doped  layers. 

These  results  combined  with  the  extremely  low 
diffusion  coefficient  of  carbon  in  GaAs  [2,8]  and 
the  high  toxicity  of  beryllium  show  that  carbon 
doping  can  be  used  advantageously  instead  of 
beryllium  doping  in  any  electronic  or  optical  de¬ 
vices  for  doping  levels  below  10'®cm'^.  For  higher 
levels  carbon  doping  may  still  be  preferable  in 
cases  where  absence  of  diffusion  is  more  im¬ 
portant  than  optical  quality. 
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Carbon  doped  GaAs  and  Gao^Alo  jAs  films  have  been  grown  by  molecular  beam  epitaxy  using  a  resistively  heated  graphite 
filament.  At  moderate  doping  levels,  the  effect  on  carbon  doping  of  the  V/IIl  flux  ratio  and  the  nature  of  the  arsenic  species  was 
found  to  be  minor.  The  GaAs  films  were  doped  from  1  x  10'*  to  5  X  lO”  cm" *  and  the  resulting  hole  mobilities  were  equivalent  to 
beryllium  doped  films.  Excellent  doping  uniformity  was  obtained  for  3-inch  diameter  films.  GaojAlo  jAs  films  were  also  doped  from 
9x10”  to  3.4x10''*  cm"'.  For  the  highest  carbon  doped  films,  lattice  contractions  were  observed  which  were  greater  than  for 
beryllium  doping.  The  lattice  contractions  were  analyzed  with  a  model  using  tetrahedral  covalent  radii. 


I.  Introduction 

Presently,  beryllium  is  the  acceptor  dopant  of 
choice  for  GaAs  in  conventional  molecular  beam 
epitaxy  (MBE)  due  to  its  high  doping  efficiency, 
good  hole  transport  properties,  and  acceptable 
diffusion  rate  at  moderate  doping  levels.  However, 
for  doping  levels  in  excess  of  1  X  lO”  cm“^,  con¬ 
centration  dependent  diffusion  becomes  important 
(1]  and  is  enhanced  by  the  presence  of  nearby 
n-type  layers  [2].  In  our  laboratory  we  have  ob¬ 
served  degraded  heterojunction  bipolar  transistor 
(HBT)  performance  due  to  beryllium  in  the  heavily 
doped  base  'ayer  diffusing  into  the  n-type  emitter. 
The  development  of  carbon  as  an  acceptor  dopant 
in  GaAs  is  motivated  by  its  much  smaller  diffu¬ 
sion  coefficient  than  beryllium  [3,4].  Also  hole 
concentrations  in  GaAs  in  excess  of  1  x  10^® cm"’ 
have  been  demonstrated  [3-6]. 

Initial  reports  on  carbon  doping  using  a  gra¬ 
phite  filament  have  been  published  [7.8],  In  this 
work,  we  report  carbon  doping  of  GaAs  over  a 
wide  range  of  concentrations  with  transport  prop¬ 


erties  equivalent  to  beryllium  doped  films.  The 
doping  uniformity  for  3-inch  diameter  films  is 
excellent.  The  effect  on  doping  from  the  As4/Ga 
flux  ratio  is  investigated  and  a  comparison  is 
made  for  carbon  doping  using  As2  and  AS4.  The 
carbon  doping  of  Gao.7Alo.3As  films  is  reported. 
Finally  heavily  doped  films  exhibit  lattice  contrac¬ 
tions  which  are  analyzed  with  calculations  utiliz¬ 
ing  tetrahedral  covalent  radii. 


2.  Experimental 

The  carbon  doped  films  were  grown  in  a  VG- 
80H  MBE  machine  which  was  loaded  with  con¬ 
ventional  solid  sources.  Arsenic  was  supplied  to 
the  growth  surface  as  either  Asj  or  AS4,  which  was 
determined  by  the  cracking  zone  temperature  of 
an  EPI  arsenic  cracker.  The  films  were  deposited 
at  a  substrate  temperature  of  530-600  "C  for  GaAs 
and  600-650° C  for  Gao7AlQ3As.  The  growth 
rates  for  GaAs  and  GaojAlo.jAs  were  0.5  and  0.7 
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/im/h,  respectively.  The  carbon  doping  source 
was  fabricated  by  EPI  and  contained  a  graphite 
strip  which  was  resistively  heated  by  a  regulated 
power  supply  without  thermocouple  feedback  con¬ 
trol.  Filaments  with  resistances  at  operating  tem¬ 
perature  of  0.25  and  0.4  U  were  used.  The  fila¬ 
ment  temperature  was  measured  with  aii  optical 
pyrometer  and  was  varied  from  approximately 
1550  to  2100  “C  to  vary  the  doping  from  1  x  10*^ 
to  5  X  10'^  cm“'\  The  highest  doping  level  re¬ 
quired  600  W  of  power.  For  comparison,  beryl¬ 
lium  doped  samples  were  also  grown  bv  conven¬ 
tional  MBE. 

The  electrical  properties  of  the  films  were  de¬ 
termined  by  Hall  measurements  at  4000  G  as  well 
as  by  capacitance- voltage  (C-V)  profiling.  At 
high  doping  levels,  lattice  contractions  perpendic¬ 
ular  to  the  film  surface  were  observed  by  X-ray 
double  crystal  measurements.  Copper  Ka,  radia¬ 
tion  was  used  with  the  (400)  reflection  of  GaAs. 

3.  Results  and  discussion 

Since  carbon  acceptors  must  occupy  arsenic 
sites,  the  effect  of  the  arsenic  environment  on 


carbon  doping  was  initially  examined  for  mod¬ 
erate  doping  levels.  In  one  experiment,  the  AS4 
flux  was  varied  with  the  other  growth  conditions 
held  constant.  Fig.  1  is  a  doping  versus  depth 
profile  of  a  film  containing  six  0.8  jam  thick  layers 
delineated  by  small  doping  spikes  and  grown  with 
different  ratios  of  V/III  beam  equivalent  pres¬ 
sures.  The  first  and  last  layers  were  grown  with 
similar  flex  ratios  to  ensure  that  the  results  were 
consistent  and  not  a  result  of  a  long  term  drift 
effect.  Fig.  1  shows  that  a  three  fold  increase  in 
flux  ratio  leads  to  a  small  depression  in  doping  of 
approximately  20^.  Around  the  commonly  used 
flux  ratio  of  10,  the  effect  of  flux  ratio  is  quite 
small  and  probably  within  experimental  uncer¬ 
tainty.  The  limited  dependence  of  carbon  doping 
on  arsenic  flux  is  an  attractive  doping  property 
due  to  the  difficulty  of  achieving  a  constant  and 
reproducible  arsenic  flux  in  solid  source  MBE. 

The  effect  on  carbon  doping  of  using  As  2  or 
AS4  was  investigated.  As;  is  more  reactive  and  has 
a  higher  sticking  coefficient  than  AS4  [9]  which 
could  effect  carbon  doping.  Comparison  films  were 
grown  at  doping  levels  of  2  x  10'\  5  x  lO”.  and 
1.5x10'’^  cm  ’  with  cracked  (As;)  and  un- 


o 
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Depth  in  Microns 

Fig.  1  Hole  concentration  versus  depth  for  a  film  containing  si*  0.8  )im-thick  layers  grown  with  different  ASj/Ga  flux  ratios.  The 

layers  are  delineated  by  small  doping  spikes. 
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cracked  (AS4)  arsenic.  The  resulting  carrier  con¬ 
centrations  with  the  two  arsenic  species  agreed 
within  10%  and  the  mobilities  agreed  within  4%. 

These  two  experiments  indicate  that  the  arsenic 
environment  plays  a  limited  role  in  carbon  doping 
of  GaAs  at  moderate  doping  levels  despite  carbon 
occupying  sites  on  the  arsenic  sublattice.  A  possi¬ 
ble  explanation  is  that  site  occupation  is  primarily 
determined  by  the  stronger  gallium-carbon  bond 
(61  kcal/mol)  than  the  arsenic -carbon  bond  (57 
kcal/mol)  [10].  A  relative  bond  .strength  model 
has  been  proposed  to  explain  the  carbon  doping 
behavior  as  p-type  in  GaAs,  n-type  in  InAs,  and 
compensated  in  Gao 5 In ,,5 As  [^1- 

The  lateral  uniformity  with  carbon  doping  was 
examined.  Fig.  7  is  a  compilation  of  16  C-V 
measurements  taken  along  the  wafer  radius  for  a 
2.8-inch  diameter  film.  The  film  was  grown  with 
gallium  evaporated  from  a  large  diameter  VG  70 
cm'  cell  which  produces  a  thickness  uniformity  of 
±1%.  Fig.  2  contains  two  types  of  uniformity 
measurements.  The  depth  profile  is  obtained  by 
differentiating  the  capacitance  as  a  function  of 
applied  voltage  in  the  conventional  manner  [11]. 
The  maximum  variation  in  the  doping  level  is 
±2.5%  with  a  considerably  smaller  standard  devi¬ 
ation.  Also  given  in  fig.  2  is  the  zero  bias  depletion 
capacitance.  C,,.  which  has  a  maximum  variation 


DEPTH  (MICRONS) 

Fig.  2.  Capacitance-voltage  depth  profile.s  obtained  from  16 
Schottky  diodes  placed  along  the  radius  of  a  3-inch  wafer.  C,, 
is  the  zero  bias  capacitance  of  the  diode. 

of  ±1.7%.  Since  C„  is  proportional  to  the  .square 
root  of  the  doping  concentration  in  the  depletion 
layer,  this  measure  of  doping  variation  gives 
±1.3%. 

Two  other  characteristics  of  the  carbon  doping 
source  are  worth  noting.  As  .shown  in  figs.  1  and  2. 
the  doping  levels  are  quite  flat  using  a  regulated 
power  supply  without  temperature  feedback  con¬ 
trol.  Also  the  filament  has  a  very  small  thermal 
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mass  which  rapidly  equilibrates  radiatively  with  its 
thermal  environment.  Consequently  the  filament 
temperature  can  be  changed  several  hundred  de¬ 
grees  in  approximately  10  s  for  growth  of  multiple 
doping  levels. 

GaAs  films  were  doped  with  carbon  with  re¬ 
sulting  hole  concentrations  from  1.2  x  10'^  to  5.3 
X  10”  cm“  ’.  For  hole  concentrations  up  to  3  x 
lO”  cm"^,  the  surfaces  were  quite  specular  with 
no  microscopic  texture  observable  under  Nomar- 
ski  contrast.  At  5  X  lO”  cm“^  a  background  tex¬ 
ture  was  present.  The  maximum  doping  level  was 
limited  by  filament  failure  due  to  hot  spots  in  the 
filament.  Higher  doping  levels  should  be  possible 
by  optimizing  filament  design. 

Room  temperature  Hall  mobilities  are  given  in 
fig.  3  for  carbon  and  beryllium  doped  GaAs  films 
and  the  results  compare  well  with  literature  values 


Hole  Concentration  (10’®  cm  ®  ) 

Fig.  4.  Measured  (400)  X-ray  splittings  for  carbon  (•)  and 
beryllium  ( x )  doped  GaAs  films  compared  to  calculated  values 

for  carbon  ( - )  and  beryllium  ( - )  doping.  Insert  is 

an  X-ray  spectrum  for  a  carbon  doped  Film  svith  hole  con¬ 
centration.  iVp.  of  5.3  X  lO”  cm  ■  The  (400)  substrate  peak  is 
atO”. 


[12].  For  a  given  hole  concentration,  the  mobilities 
of  the  beryllium  and  carbon  doped  films  are  the 
same  within  experimental  uncertainty.  A  variable 
temperature  Hall  measurement  was  jyerformed  on 
the  1.2  X  10”  cm  sample  which  gave  mobilities 
of  440  cmVV  •  s  at  300  K,  7200  cmVV  ■  s  at  77  K, 
and  13,700  cm^/V  •  s  at  40  K.  Data  for  carbon 
doped  Gao7Alo3As  films  are  also  given  in  fig.  3 
for  doping  levels  from  9  x  lO”  to  3.4  X  10”  cm  ’. 

Lattice  contractions  in  heavily  carbon  and 
beryllium  doped  films  were  observed  using  double 
crystal  X-ray  measurements.  As  illustrated  in  the 
fig.  4  insert,  the  (400)  diffraction  peaks  of  the 
doped  film  and  substrate  are  separated.  The  sep¬ 
arations  or  sphttings  are  caused  by  a  contraction 
in  the  lattice  constant  perpendicular  to  the  growth 
plane  due  to  the  smaller  atomic  size  of  carbon  or 
beryllium  compared  to  gallium  or  arsenic.  The 
measured  splittings  in  fig.  4  are  larger  for  carbon 
than  berylhum  doping  which  is  quahtatively  con¬ 
sistent  with  the  smaller  tetrahedral  covalent  radius 
of  carbon  compared  to  beryllium  [13].  Also  the 
splittings  in  fig.  4  exhibit  a  linear  dependence  on 
doping  concentration. 

The  relationship  between  doping  and  lattice 
contraction  is  now  considered.  The  splitting.  A6. 
between  the  X-ray  diffraction  peaks  of  the  GaAs 
substrate  with  lattice  constant  Oq  and  the  tetrago- 
nally  distorted  GaAs  film  with  perpendicular 
lattice  constant,  a  ,  is  given  by: 

(Oj.  ~ao)/ao  =  ^a/ao  =  cot  {0).  (1) 

where  0  is  the  substrate  diffraction  angle.  For  Cu 
Ka,  radiation  and  the  (400)  reflection  of  GaAs,  0 
is  33.024°.  Assuming  interstitial  dopant  atoms  do 
not  perturb  the  lattice  constant,  the  expected 
lattice  contraction  for  a  doped  GaAs  layer  can  be 
straightforwardly  calculated  using  the  molecular 
density  and  tetrahedral  covalent  radii  to  de¬ 
termine  bond  lengths.  The  relationship  is  then: 

Sa  ^  4[(VcGa(>C  ~  '•pa)  +  ^CAs(Fc  "  Fa.s)](1  +  v) 
«0  v^(2.21  Xl0^^)a„(l -j-) 

(2) 

where  Afcca  ^cas  the  densities  (cm  ’)  of 
carbon  atoms  on  galUum  and  arsenic  sites,  respec¬ 
tively,  is  the  tetrahedral  covalent  radius  of  atom 
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X,  and  V  is  the  Poisson  ratio  for  GaAs.  Eq.  (2)  is 
pertinent  for  pseudomorphically  strained  films 
such  as  in  this  study.  For  thick,  completely  strain 
relaxed  films,  the  factors  containing  the  Poisson 
ratio  are  eliminated,  as  previously  discussed  [6], 
Eq.  (2)  can  be  simplified  since  the  calculated 
values  for  the  tetrahedral  covalent  radii  of  gallium 
and  arsenic  are  reported  to  be  the  same  (1.225  A) 
[13]  which  yields: 

Sa  ^  1.04  X  10'"NcA,(rc  ~  +  p)(t  +  «>) 

(3) 

where  p  is  the  compensation  ratio.  as- 

and  the  constants  have  been  combined.  The 
calculated  splittings  in  fig.  4  were  obtained  with 

=  0.774  A  [13].  «'  =  0.31  [12]  and  assuming  no 
compensation.  For  beryllium  doping,  an  analo¬ 
gous  eq.  (3)  is  obtained  and  =  0.975  A  [13]. 

Qualitatively  eq.  (3)  describes  the  linear  depen¬ 
dence  of  lattice  contraction  on  carbon  doping 
concentration  as  well  as  the  smaller  effect  of  beryl¬ 
lium  doping  on  lattice  contraction.  Quantitatively 
the  measured  and  calculated  lattice  contractions 
given  in  fig.  4  for  carbon  doped  GaAs  agree  well 
with  the  measured  values  being  typically  10% 
larger  than  the  calculated  value.  The  good  agree¬ 
ment  indicates  that  the  material  is  not  heavily 
compensated.  The  measured  lattice  contractions 
with  beryllium  doping  are  smaller  than  calculated. 
Additional  data  are  needed  to  further  examine  this 
effect. 

Lattice  contraction  was  also  observed  for  a 
Ga„72AI|,  2^As  .sample  doped  at  1.6  x  lO'**  cm 
The  measured  splitting  between  the  GaAlAs  film 
and  GaAs  substrate  peaks  was  47  arc  sec  com¬ 
pared  to  an  expected  splitting  of  109  arc  sec  for  an 
undoped  film.  Using  the  analysis  above  for  an 
uncompensated  Ga|i7;Al„-^As  sample  doped  at 
1.6  X  lO'**  cm  ’,  the  expected  splitting  is  75  arc- 
sec.  The  observed  smaller  splitting  indicates  that 
the  carbon  concentration  in  the  film  is  greater 


than  the  doping  concentration.  Possible  explana¬ 
tions  are  compensation  and/or  electrically  inac¬ 
tive  carbon.  These  initial  results  indicate  that  dou¬ 
ble  crystal  measurements  may  become  a  useful 
techiuque  to  assess  material  quality  of  heavily 
doped  samples. 

In  summary,  a  carbon  filament  furnace  has 
been  used  to  dope  GaAs  films  over  a  wide  range 
with  hole  mobilities  equivalent  to  beryllium.  At 
moderate  doping  levels  the  arsenic  environment 
plays  a  minor  role  in  doping  efficiency.  The  dop¬ 
ing  uniformity  is  excellent  for  3-inch  diameter 
material.  Gao7Alo  ,As  films  have  also  been  doped 
with  carbon.  At  high  doping  levels  lattice  contrac¬ 
tions  are  observed  with  carbon  and  beryllium  dop¬ 
ing.  The  contractions  have  been  analyzed  with  a 
model  u.sing  tetrahedral  covalent  radii. 
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Characterization  of  the  GaAs :  C  and  AlGaAs :  C  doping  superlattice 
grown  by  chemical  beam  epitaxy 
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We  report  the  growth  of  high  quality  GaAs  and  AlGaAs  carbon  doping  .superlattice  homosiruclures  using  Irimethyl-Ga. 
triethvl-Ga  and  trimcthylamine  alane  by  chemical  beam  epitaxy.  The  periodic  change  in  lattice  parameter  resulting  from  the  change 
in  earhyin  Jy'ping  level  is  useful  for  the  structural  characterization  of  these  samples  by  double  crystal  X-ray  diffraction.  With  minimal 
contribution  to  the  X-ray  scattering  intensity  due  to  atomic  form  factors  of  the  chemical  modulation,  the  satellite  inlen.sitics  of  the 
Ga.As/  Ga.As :  C  superlattice  are  found  to  scale  with  order  index  as  n  which  conforms  to  a  square  waveform  of  strain  modulation. 
Analysis  of  the  intensity  reduction  of  the  annealed  GaAs  sample  yields  unambiguous  information  about  the  carbon  diffusion  in 
GaAs. 


I.  Introduction 

Recently,  carbon  doped  GaAs  has  received  in¬ 
creasing  attention  because  of  its  high  doping  ef¬ 
ficiency  [13]  and  low  impurity  diffusivity  [4,5], 
Compared  to  Be,  C  doping  profile  in  GaA.s  is  also 
stable  against  Zn  diffusion  which  is  a  proce.ss 
often  employed  for  contact  purpose  [6].  These 
properties  are  technologically  important  for  device 
application  such  as  heterojunction  bipolar  tran¬ 
sistor  (HBT)  [1,7].  In  chemical  beam  epitaxy  (CBE) 
of  GaAs,  C  doping  is  conveniently  obtained  by 
using  trimetiiyl-Ga  (TMGa)  as  a  precursor  for  the 
growth.  The  concentration  of  C  can  be  controlled 
by  growth  conditions  [8]  or  mixing  triethyl-Ga 
(TEGa)  with  TMGa.  Successful  C  doping  using 
separate  doping  .sources  has  been  demonstrated  by 
using  graphite  filament  in  molecular  beam  epitaxy 
(MBE)  [1]  and  CCl^  in  organometalic  vapor  phase 
epitaxy  (OMVPE)  [9].  One  less  desirable  property 
of  heavily  C  doped  GaAs  is  a  significant  change  in 
lattice  parameter  [2,10]  with  C  concentration  above 


10''*  cm  ‘  ’.  This  is  not  necessarily  a  problem  for 
device  application  if  the  strained  C  doped  region 
is  thinner  than  the  critical  thickness.  Here  we 
show  that  this  inherent  strain  due  to  C  doping  is 
useful  in  preparing  strain  modulated  GaAs  and 
AlGaAs  superlattice  homostructures  for  X-ray  dif¬ 
fraction  study.  By  comparing  the  satellite  intensi¬ 
ties  of  the  as-grown  and  the  annealed  samples. 
Arrhenius  dependence  of  the  carbon  diffusion 
coefficient  in  GaAs  can  be  determined.  This 
method  can  also  be  applied  to  the  study  of  C 
diffusion  in  AlGaAs. 


2.  Crystal  growth 

In  the  CBE  growth  of  GaAs;C.  pure  TMGa 
without  carrier  gas  was  u.sed.  Carbon  incorpora¬ 
tion  results  from  the  incomplete  Ga-C  bond 
cleavage.  Thus,  C  will  preferentially  sit  on  the  As 
site  as  an  acceptor.  The  concentration  of  C  de- 
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pends  on  how  efficiently  the  CH3  radical  is  cleaved 
away  and  removed  from  the  surface.  With  increas¬ 
ing  As  flux,  the  C  level  is  generally  found  to 
decrease.  The  presence  of  hydrogen,  in  particular 
ionized  species  [11],  also  reduces  the  C  impurity 
level.  Therefore,  a  small  V/III  ratio  is  desirable 
for  CBE  growth  of  GaAs :  C.  From  a  chemical 
kinetics  point  of  view,  lower  growth  temperature 
favors  C  incorporation  because  of  slower  Ga-C 
cleavage  rate.  However,  at  low  growth  tempera¬ 
ture.  hydrogen  passivation  [12]  may  reduce  the 
electrical  activity  of  C.  Furthermore,  the  growth 
rate  becomes  more  sensitive  to  any  change  in 
substrate  temperature  which  may  lead  to  fluctua¬ 
tions  in  the  layer  thickness  of  superlattice.  In 
order  to  obtain  high  C  doping  level  with  good 
periodicity,  here  the  GaAs/GaAs;C  superlattice 
is  grown  at  550  °C  using  a  V/111  ratio  of  2.  The 
nominally  undoped  region  (C  -  1  x  lO'*’  cm  ')  is 
grown  by  using  TEGa. 

For  the  growth  of  AlGaAs.  trimethylamine 
alane  (TMAAI)  from  Cyanamid  was  used  as  the 
source  gas.  Very  recently,  the  use  of  alane 
along  with  TEG  has  been  shown  to  result  in  much 
improved  AlGaAs  layers  with  lower  oxygen  and 
carbon  contamination  [13].  This  makes  pos.sible 
the  preparation  of  entirely  CBE  grown  HBTs  with 
both  uniform  and  graded  bases  [14],  Whereas, 
heavily  carbon  doped  AlGaAs  is  obtained  by  using 
TMAAI  and  TMGa,  The  AlGaAs/AIGaAs :  C  su¬ 


perlattice  is  grown  by  alternating  injection  of 
TEGa  and  TMGa  with  a  constant  TMAAI  flow. 


3.  Characterization  of  the  C  doped  CaAs  and  su- 
periattice 

Earlier  we  have  shown  that  a  mismatch  of 
about  =  1.3  X  10'^  is  measured  for  a  2 

jam  thick  GaAs :  C  epilayer  [8].  The  C  concentra¬ 
tion,  7.2  X  10”  cm^  \  will  result  in  a  mismatch  of 
about  6  X  10"*  for  unstrained  epilayer  if  a  Ga-C 
bond  length  is  assumed  by  replacing  tne  covalent 
radius  of  As  with  that  of  C.  This  approach  has 
been  employed  to  account  for  the  partially  relaxed 
heavily  C  doped  GaAs  [10].  Thus,  the  measured 
mismatch  suggests  an  unrelaxed  tetragonally  di.s- 
torted  lattice,  consistent  with  the  narrow  X-ray 
diffraction  peak  width. 

In  fig.  1.  intense  satellite  peaks  of  the  GaAs/ 
GaAsiC  superlattice  with  reflection  up  to  order 
«  =  7  are  clearly  observable.  Satellites  up  to  order 
n  =  10  are  resolved  at  improved  signal/noise  level. 
The  narrow  width  of  satellites  suggests  that  inho¬ 
mogeneity  in  strain  and  thickness  along  the  growth 
direction  is  very  small.  The  abrupt  interface  can 
al.so  be  observed  using  transmission  electron  mi¬ 
croscopy  (TEM).  Fig,  2a  shows  sharp  contrast  of 
the  GaAs:C/GaAs  interface.  The  thickness  mea- 
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Fig.  1.  X-ray  rf)cking  curve  of  a  .W  peritxl  GaAs(9S0  A)/(tiaAs;C(940  A)  doping  superlaUicc. 
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sured  from  TEM  agrees  with  the  X-ray  measure¬ 
ment  to  within  3%.  It  should  be  noted  that  even  if 
the  chemical  interface  is  abrupt  at  monolayer  scale, 
a  gradient  in  the  strain  field  still  exists  and  is 


n 


Fig.  3.  Satellite  intensity  of  the  GaAs/GaAs:C  superiattice 
versus  order  index  n. 


expected  to  extend  across  tens  of  angstroms  at  the 
interface. 

The  reduction  in  satellite  intensity  scales  with 
increasing  order  as  which  is  illustrated  in  fig. 
3.  This  dependence  can  be  ai^proximated  by  as¬ 
suming  a  square  waveform  in  the  strain  modula¬ 
tion.  Whereas,  chemical  modulation  in  composi¬ 
tion  will  scale  as  n~-.  Attempts  to  fit  the  satellite 
intensity  using  sinusoidal  or  trapozoidal  wave¬ 
forms  are  not  successful.  This  is  an  indication  of 
abrupt  doping  interface.  Small  deviation  from  n~* 
dependence  for  high  order  index  suggests  a  small 
statistical  imperfection  of  the  interfaces  which  can 
either  be  caused  by  small  thickness  variation  or 
change  in  strain  field  accross  the  interface. 


4.  Strain  and  composition  modulated  AlGaAs  su¬ 
periattice 

The  chemical  configuration  of  trimethylamine 
alane.  [(CHONIjAlH,,  indicates  this  compound 
contains  no  Al-C  bond  [15].  The  N{CH,),  group 
cleaves  away  easily  at  low  temperature  leaving  an 
unstable  adsorbed  AlH,  molecules,  which  results 
in  efficient  Al  deposition  above  200  °  C.  Thus,  the 
carbon  incorporation  in  the  growth  of  AlGaAs 
using  TMAAl  and  TEGa  is  not  expected  to  be  any 
higher  than  in  the  case  of  using  Al- alkyl  contain- 
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ing  Al-C  bond,  of  which  a  carbon  level  below 
10'^  cm“^  has  been  reported  [16].  The  X-ray  dif¬ 
fraction  scan  of  a  CBE  grown  Alo.iGao  9As/GaAs 
superlattice  is  comparable  to  that  of  the  MBE 
grown  superlattice  samples.  From  a  Si  doping 
study,  the  oxygen  contamination  in  the  AlGaAs 
layer  is  estimated  to  be  on  the  order  of  1  x  10** 
cm“  ’,  which  has  also  been  observed  in  the  high 
quality  AlGaAs  layers  using  TMAAl  from  a  dif¬ 
ferent  source  supplier  [13].  There  is  no  indication 
that  oxygen  contamination  at  this  level  will  lead  to 
any  noticible  change  in  lattice  parameter. 

When  TMAAl  and  TMGa  are  used  for  the 
growth,  heavily  C  doped  AlGaAs  is  obtained.  The 
hole  concentration  of  the  nominal  AloiGa^^As 
epilayer  grown  at  570  °C  is  about  1  X  10^°  cm“^. 
about  30^6  higher  when  compared  to  GaAs :  C 
using  similar  low  V/III  ratio.  In  the  growth  study 
of  arsenide  compounds  using  trimethyl-In  (TMIn) 
[17]  and  TMGA  [8],  the  non-linear  region  in 
growth  rate  characteristics,  where  the  recombina¬ 
tion  of  adsorbed  methyl  radicals  and  fragmented 
alkyl  molecules  is  significant,  occurs  at  much 
higher  temperatures  for  TMGa.  This  indicates  a 
stronger  methyl-Ga  bond,  and  a  much  higher  C 
level  is  obtained  in  GaAs  than  InAs.  Considering 
the  bond  strength  of  Al-C.  the  presence  of  A1  is 
expected  to  enhance  the  carbon  incorporation  of 
AlGaAs. 

Fig.  4  shows  the  X-ray  diffraction  of  an  Al- 
GaAs/AlGaAs ;  C  superlattice  grown  by  using  a 


constant  TMAAl  flux.  Although  the  TMGa  and 
TEGa  flow  rates  are  chosen  to  give  equal  A1 
compositions  based  on  the  GaAs/GaAs :  C 
growth,  fig.  4  indicates  clear  asymmetry  due  to  A1 
composition  modulation  in  the  satellite  intensities, 
which  no  longer  scale  with  order  index  n~*.  This 
suggests  the  presence  of  TMAAl  affects  the  GaAs 
growth  rates  differently  for  TMGa  and  TEGa. 
Nevertheless,  the  n  =  0  superlattice  peak  shifts  to 
larger  diffraction  angle  indicating  a  compressive 
strain  in  the  superlattice  as  a  result  of  heavily 
carbon  doped  AlGaAs  layers.  With  optimized 
composition  control,  it  is  possible  to  grow  AlGaAs 
superlattice  with  strain  modulation  alone  for  X-ray 
characterization. 


5.  Effect  of  thermal  annealing 

Anneal  experiments  of  the  GaAs/GaAs  ;C  su¬ 
perlattice  are  carried  out  in  quartz  ampoule  sealed 
with  controlled  amount  of  As.  Fig.  2b  shows  the 
smearing  of  interfaces  as  a  result  of  noticeable 
diffusion  of  C  into  the  undoped  region  of  the 
sample  annealed  at  900  °C  for  1  h.  Hall  measure¬ 
ments  of  the  unannealed  sample  give  an  average 
hole  concentration  of  3.43  x  10” cm'*  and  a  mo¬ 
bility  of  58  cmVV  •  s.  After  annealing  at  900  °C. 
this  sample  shows  an  average  hole  concentration 
of  1.55  X  10”  cm  with  an  increased  mobility  of 


Fig.  4,  X-ra>  diffraction  rocking  curve  of  the  AlGaAs/ AlGaAs :  C  superlattice. 
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77  cmVV  •  s.  Similar  results  are  measured  for  the 
sample  annealed  at  700  °C  for  16  h.  Contrary  to 
the  case  of  bulk  GaAs :  C  where  annealing  usually 
results  in  reduced  mobility,  the  higher  mobility 
indicate  the  contribution  of  hole  conduction  in  the 
undoped  region  resulting  from  diffusive  transport 
of  C  from  the  heavily  doped  layer.  The  reduction 
in  hole  density  suggests  the  occurrence  of  self¬ 
compensation  due  to  site  changing  of  C,  or  posi¬ 
tively  charged  C  interstitial.  This  implies  that  the 
carbon  diffusion  may  also  involve  Ga  sublattice  as 
opposed  to  the  mechanism  via  As  vacancy  [4]  or 
interstitial  As  which  is  easily  formed  under  our 
annealing  conditions  with  excessive  As  overpres¬ 
sure. 

The  long  anneal  time  under  equilibrium  condi¬ 
tion  results  in  homogeneous  diffusion  of  C 
throughout  the  entire  superlattice.  A  systematic 
shift  of  the  zeroth  order  peak  toward  the  substrate 
peak  is  observed,  indicating  the  reduction  in  the 
overall  strain.  The  satellite  peak  height  reduces  as 
a  consequence  of  the  reduced  asymmetry  in  the 
carbon  concentration  between  the  doped  and  un- 


Fig,  5.  Arrhenius  dependence  of  the  C  and  Be  diffusion  coeffi¬ 
cients  in  GaAs. 


doped  region.  However,  the  width  of  the  satelUte 
peaks  remains  insensitive  to  the  annealing. 
Quantitative  information  of  the  C  diffusion  coeffi¬ 
cient,  D,  can  be  estimated  from  the  reduction  of 
satellite  intensity  of  high  order  superlattice  har¬ 
monics  [18].  Fig.  5  shows  the  Arrhenius  depen¬ 
dence  of  D  for  samples  annealed  at  700,  755,  800 
and  900  °C  for  16,  16,  8  and  1  h,  respectively.  The 
activation  energy  for  C  diffusion  is  2.8  eV.  Also 
shown  is  the  Be  diffusion  coefficient  with  an 
activation  of  2.0  eV  obtained  from  capacitance- 
voltage  measurement  of  the  annealed  Be  5-doped 
GaAs  samples. 


6.  Summary 

We  have  shown  that  high  quality  strain  mod¬ 
ulated  GaAs  and  AIGaAs  carbon  doping  super- 
lattice  can  be  prepared  by  CBE  using  TMGa, 
TEGa  and  TMAAl.  Localization  of  the  carbon 
impurity  has  been  examined  by  TEM  and  X-ray 
diffraction  analysis,  which  confirms  the  abrupt¬ 
ness  of  the  interfaces  on  an  atomic  scale.  By 
comparing  the  satellite  intensities  of  the  as-grown 
and  annealed  GaAs/GaAs :  C  samples,  the  C  dif¬ 
fusion  coefficient  is  found  to  be  almost  2  orders  of 
magnitude  lower  than  that  of  Be  in  the  tempera¬ 
ture  range  from  700  to  900  °  C. 
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The  relation  of  Si  incorporation  site  and  the  growth  parameters  in  MBE  growth  of  GaAs  and  (AlGa)As  on  (lll)A  surface  is 
syslemalicallv  investigated.  B^)ih  n-  and  p-iype  GaAs  and  (AIGa)As  layers  with  reascmably  low  compensation  are  achieved,  and  the 
dependencies  of  Si  incorporation  on  the  parameters  can  be  qualitatively  understood  by  the  change  of  the  population  of  As  atoms  at 
the  surface.  Two-dimensional  electron  and  hole  gas  (2DE,G.  2DHG)  structures  are  successfully  grown  on  { 1 1 1  )A  substrates. 


I.  Introduction 

The  epitaxial  growth  on  patterned  substrates  is 
receiving  much  attention  for  its  importance  in  the 
formation  of  advanced  quantum  structures  such  as 
quantum  wires  (QWI)  and  quantum  boxes.  This 
will  be  a  key  process,  especially,  for  the  V-groove- 
edge  QWIs.  where  QWIs  are  to  be  formed  by  the 
overgrowth  of  n-  or  p-type  wide-gap  material  on 
V-grooves  cut  into  undoped  quantum  well  struc¬ 
tures  [1].  The  growth  of  high  quality  GaAs  and 
(AIGa)As  and  the  control  of  dopant  incorporation 
on  ( 1 1 1  )A  Ga  stabilized  surfaces  are  extremely 
important  since  anisotropic  and  chemical  etching 
suitable  for  the  formation  of  such  V-grooves  tends 
to  expose  ( 1 1 1  )A  surfaces.  Several  works  have 
shown,  however,  that  the  MBE  growth  on  (lllfA 
surfaces  is  quite  different  from  that  on  (100) 
.surfaces,  and  that  p-type  conduction  [2,3]  and 
both  p-  and  n-type  conduction  [4]  are  obtained  on 
Si  doped  GaAs  and  (AlGa)As. 


In  order  to  elucidate  the  mechanisms  of  growth 
and  impurity  incorporation  and  to  control  the 
electrical  properties  of  the  layer  grown  on  V-groove 
surfaces,  we  report  here  a  systematic  study  on  the 
MBE  growth  and  characterization  of  Si  doped 
GaAs  and  (AlGa)As  layers  on  flat  (lll)A  surfaces. 
We  study,  in  particular,  how  the  Si  incorporation 
site  can  be  controlled  by  the  growth  conditions. 
We  report  also  the  successful  formation  of  both 
two-dimensional  electron  and  hole  gases  on  ( 1 1 1  )A 
GaAs  surfaces  by  the  use  of  silicon  dopants. 


2.  Experiments;  I  procedure 

Semi-insulating  (CrO-doped)  HB  grown  (100) 
and  ( 1 1 1  )A  GaAs  substrates  were  used.  The  sub¬ 
strates  were  prepared  by  standard  procedure:  de¬ 
greasing.  1  min  etch  in  8H2SO4  :  IHjO, :  IHjO. 
rinse  in  DI  water,  and  drying  with  N,  gas.  The 
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(100)  and  (lll)A  substrates  were  then  mounted 
side  by  side  on  a  Mo  holder  with  In  solder.  All 
samples  were  grown  in  a  conventional  MBE  sys¬ 
tem.  Arsenic  pressures  (fluxes)  were  measured  with 
B-A  ion  gauge,  and  substrate  temperatures  were 
measured  with  a  thermocouple  which  was  cali¬ 
brated  at  the  dissociation  temperature  of  native 
oxide  on  GaAs.  Growth  rates  were  measured  using 
RHEED  intensity  oscillation. 

3.  Si  doping  of  GaAs  grown  on  (111)4  surfaces 

Since  the  original  (lll)A  GaAs  plane  consists 
of  rows  of  Ga  atoms  with  single  dangling  bond  on 
each  site,  arsenic  atoms  are  bonded  only  weakly  to 
the  surface  and  may  easily  desorb  from  the  grow¬ 
ing  surface  as  compared  with  (100)  surface  [2]. 
Hence,  it  is  expected  that  the  surface  population 
of  As  atoms  can  be  easily  controlled  by  the  change 
of  growth  conditions.  If  the  amphotericity  of  Si  is 
influenced  by  the  relative  occupancy  of  As  on  the 
surface,  the  incorporation  site  of  Si  may  be  con¬ 
trolled  by  growth  parameters  such  as  substrate 
temperature  and  arsenic  fluxe.s.  Indeed,  we  show 
here  how  the  Si  incorporation  site  is  related  to  and 
controlled  by  the  growth  conditions. 

The  structures  grown  to  assess  the  carrier  den- 
sitv  and  mobility  consists  of  5000  A  GaAs  buffer. 
.5000  A  Si  doped  GaAs.  and  1000  A  undoped  cap 
Ga,4s  layers.  Si  flux  was  adjusted  to  obtain  the 


Aa<  PRESSUBE  (*10  *Torr) 

f  ig  1 .  f  nuilon  (if  Si  moms  in  As  siic  (  )  and  in  (»a  silc  ( /|,)  as  a 


electron  densities  of  7  x  lO'^- 2  x  lO'**  cm  '  in 
(100)  samples. 

Suppose  that  the  total  density  of  Si  in  GaAs  is 
represented  by  M;,  and  that  the  density  of  Si 
incorporated  in  As  (acceptor)  site  and  in  Ga 
(donor)  site  are  respectively  denoted  as  and 
( Asi  =  -1- A„).  Since  the  compensation  is 

negligible  in  the  n-GaAs  growth  on  (100)  surfaces. 
Aj;,  can  be  determined  from  the  electron  density 
measured  at  300  K  on  (100)  sample.s.  which  are 
grown  simultaneously  with  the  (lll)A  sample. 
Since  the  electron  or  hole  concentration  measured 
on  the  (lll)A  sample  is  equal  to  (A,,  — .\\)  or 
(A^  — ,A,^).  and  A[,  can  be  separately  de¬ 
termined  from  measured  carrier  densities  and  .V^|. 
In  order  to  cancel  out  the  fluctuation  of  Si  flux 
between  each  growth,  we  discuss  here  the  normal¬ 
ized  values;  the  fraction  of  acceptor-site  silicon 
(/^  =  )•  and  the  fraction  of  donor-site  sili- 

con  / 15  ( /i)  =  A()/ As, ). 

Fig.  la  shows  the  measured  fraction  /.^  of 
A.s-site  Si  as  a  function  of  arsenic  pressure  l/’.^,^) 
with  the  substrate  temperature  during  growth 
as  a  parameter.  The  growth  rate  was  about  0.6 
jim/h  (0,54-0.63).  One  can  see  that  varies  in  a 
wide  range  when  and  y  are  varied.  There  is 
a  tendency  that  Si  atoms  are  predominantly  incor¬ 
porated  in  the  acceptor  site  ( /^  -  1)  when  is 
lowered  or  is  raised,  whereas  they  get  in  the 
donor  site  under  the  opposite  condition.  At  = 
530 °C.  /a,  depends  almost  linearlv  on  while 


Ga  FLUX  (xlO  ’  Torr) 

function  of  growth  parameters,  (a)  Dependencies  of  /.^  and  /d 


on  arsenic  pressure  (flux)  are  shown  with  substrate  temperature  as  a  parameter,  (irowth  rate  is  O.f^  |im/h.  (h)  Dependenev  of  and 
ff)  on  Cia  flux.  Arsenic  pressure  is  1.5  x  10  Torr  and  growth  temperature  is  530  *^C’. 
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Fig.  2.  Reploi  of  the  fraction  of  Si  atoms  in  Ga  site  (/i>)  as  a 
function  of  inverse  substrate  temperature  1000/7^.  Growth 
rate  is  0.6  pim/h  and  arsenic  pressure  is  4.3  x  lO"'"’  Torr.  From 
the  middle  three  points,  an  activation  energy  of  0.85  eV  is 
obtained. 

[he  increment  of  .saturates  when  is  lowered 
at  higher  T^.  Al  =  4S0°C.  on  the  other  hand. 
/,\  decreases  and  approaches  a  saturatorv  value 
when  is  raised.  Fig.  lb  shows  the  relation 
between  /.^  and  Ga  flux  at  T^  =  530  °C  and  P^^^^ 
=  1.5  X  10  ’  Torr.  It  is  apparent  that  in¬ 
creases  almost  linearly  with  Ga  flux  except  for  the 
point  where  is  very  close  to  unity,  indicating 
that  the  supply  of  Ga  enhances  the  Si  incorpora¬ 
tion  in  an  As  site.  The  replot  of  /[>  for  P^^^  =  4.3 
X  10  Torr  as  a  function  of  inverse  temperature 
lOOO/r,  is  shown  in  fig.  2.  Since  /□  represents  the 
state  of  the  GaAs  surface  where  Si  is  incorporated 
in  a  Ga  site.  /,,  is  related  to  the  density  of  As 
atoms  bonded  to  surface.  Since  the  two  end  data 
points  that  are  close  to  /„  =  0.0  and  /,,  =  1.0  may 
include  larger  experimental  errors  and  also  may 
deviate  from  the  simple  linear  model,  we  pay 
greater  attention  here  to  the  middle  three  points  in 
fig.  2.  They  fall  on  the  exponential  relationship 
exp(  -  £^/ArT,)  w'ith  the  activation  energy  of 
0.85  eV.  This  activation  energy  term  may  be  re¬ 
lated  to  the  de.sorption  process  of  As  atoms  during 
the  growth  on  (lll)A  surface. 

The  results  shown  above  clearly  point  out  that 
the  fraction  of  As-site  Si,  or  the  fraction  /,,  of 
Ga-site  Si.  varies  in  a  wide  range  when  arsenic 
pressure,  substrate  temperature  and  Ga  flux  are 
changed,  and  one  can  control  quantitatively  the 


incorporation  site  of  Si  by  the  choice  of  these 
parameters.  It  should  be  emphasized  that  both  n- 
and  p-type  conduction  can  be  achieved  with  rea¬ 
sonably  low  compensation.  The  observed  depend¬ 
encies  of  /a  and  /d  on  these  parameters  suggest 
that  the  change  of  Si  incorporation  with  these 
growth  parameters  can  be  qualitatively  under¬ 
stood  by  the  change  of  As  population  at  growing 
(lll)A  surfaces.  To  establish  the  microscopic  un¬ 
derstanding  of  Si  incorporation  beyond  this  sim¬ 
ple  picture,  detailed  analysis  of  the  above  results  is 
needed  in  future. 


4.  Formation  of  two-dimensional  electron  and  hole 
gases 

Since  the  precise  determination  of  or  /f,  on 
Si  doped  (AlGa)As  layers  from  the  measured  car¬ 
rier  concentration  gets  quite  complex  because  of 
the  formation  of  DX  centers,  we  studied  how  the 
room  temperature  carrier  densities  of  Si  doped 
(AlGa)As  grown  on  (lll).A  surfaces  are  related  to 
growth  temperature.  The  result  is  qualitatively 
similar  to  that  on  Si  doped  GaAs.  except  that  Si 
seems  to  be  incorporated  more  to  Ga  site  in 
(AlGa)AS  growth  than  in  GaAs  growth.  It  is 
probably  due  to  the  stronger  bonding  of  As  to  Al 
atoms. 

Choosing  the  appropriate  growth  conditions, 
we  successfully  formed  the  two-dimensional  elec¬ 
tron  and  hole  gas  (2DEG.  2DHG)  structures  on 
(lll)A  substrates.  The  grown  structure  for  2DHG 
is  1  jam  GaAs  buffer  layer  followed  by  100  A 
undoped  Al,),Ga|,7As  .spacer,  1000  A  Si  doped 
Aly  3Ga|,7As,  and  100  A  undoped  GaAs  cap  layers. 
The  2DEG  structure  is  1  jxm  buffer  GaAs  layer 
followed  by  3500  A  Si-doped  Al|,,Ga„7As  and 
100  A  cap  GaAs  layers,  and  Si  was  doped  heavily 


Table  ] 

Growth  conditions  for  2DHG  and  2DEG  structures 


Growth  rate 

Substrate 

Asj  pressure 

(nm/h) 

temperature 

(°C) 

(  X  to  '  Torr) 

2DHG 

0.6 

.S80 

1.0 

2DEG 

0.2 

480 

-TO 
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Fig.  3.  Temperaiure  dependence  of  carrier  densities  and  mobil¬ 
ities  of  2DEG  and  2DHG  grown  on  (lll)A  substrate.  Open 
circle  corresponds  lo  2DEG  and  solid  circle  to  2DHG.  Broken 
line  shows  the  mobility  of  a  (100)  sample  that  is  grown 
simultaneously  with  (lll)A  sample  of  2DEG  structure. 


((2-3)  X  lO'**  cm  ')  in  the  (AlGa)As  layer  in  order 
to  obtain  high  two-dimensional  electron  densities. 
The  growth  parameters  are  summarized  in  table  1 . 
It  is  worth  noting  here  that  we  could  obtain  the 
2DEG  only  at  low  growth  rate  (0.2  gm/h). 

Fig.  3  shows  the  temperature  dependence  of 
carrier  densities  and  mobilities  of  2DEG  and 
2DHG.  The  2DFiG  sample  showed  a  maximum 
hole  mobility  of  32000  cm‘/V  •  ,s  and  a  hole  den¬ 
sity  of  3.2  X  10"  cm  ■  at  4.2  K.  On  the  other 
hand,  a  sheet  electron  density  of  1.5  x  lO'"  cm  " 
is  obtained  on  the  2DEG  sample  grown  on  the 
( 1 1 1  )A  substrate.  This  value  is  almost  the  same  as 
on  the  (100)  sample  which  was  grown  simulta¬ 
neously  with  the  (lll)A  sample.  In  the  figure,  the 
mobility  of  a  2DEG  on  (100)  substrate  is  also 
shown  (broken  line).  Although  the  mobilities  of 
these  samples  are  relatively  low,  this  figure  indi¬ 
cates  that,  in  this  mobility  range,  the  mobility  of 
two-dimensional  electrons  on  a  (lll)A  sample  is 
comparable  with  that  on  a  (100)  .sample,  as  long  as 
the  same  structure  and  the  same  growth  condi¬ 
tions  are  used.  These  relatively  low  mobilities  may¬ 
be  cau.sed  by  (1)  heavy'  doping  in  AlGaAs  layer. 
(2)  the  absence  of  spacer  layer,  and  (3)  low  growth 
temperature  which  enhances  the  incorporation  of 
residual  impurity.  To  improve  these  mobilities, 
optimization  of  these  points  is  necessary. 


S.  Conclusion 

We  have  shown  in  this  paper  how  the  incorpo¬ 
ration  site  of  Si  in  the  growth  of  GaAs  on  (lll)A 
surfaces  is  related  to  the  growth  parameters  such 
as  substrate  temperature,  arsenic  pressure,  and 
gallium  flux.  The  fraction  of  As-site  Si  or  Ga-site 
Si  si  found  to  be  controlled  in  a  wide  range  by  the 
appropriate  choice  of  these  growth  parameters, 
and  both  n-  and  p-type  GaAs  and  (AlGa)As  layer 
with  reasonably  low  compensation  are  achieved. 
Dependencies  of  Si  incorporation  on  these  param¬ 
eters  can  be  qualitatively  understood  by  the  change 
of  the  population  of  As  atoms  at  the  surface. 
Two-dimensional  electron  and  hole  gases  were 
successfully  formed  on  (1 1 1  )A  surfaces.  The  2DEG 
on  (lll)A  surface  showed  comparable  mobility 
with  (100)  samples  and  the  mobility  of  2DHG  was 
as  high  as  32000  cm’/V  •  s  at  4.2  K.  Hence  one 
can  conclude  that  one  of  the  important  problems 
for  the  formation  of  V-groove-edge  quantum  wire 
structures  and  other  advanced  quantum  devices 
which  u.se  the  modification  of  epitaxial  surface  has 
been  solved.  Detailed  study  on  the  chemistry  of  Si 
incorporation  is  a  subject  of  future  research  and 
its  clarification  is  necessary  to  improve  qualities  of 
the  layer  grown  on  ( 11 1 ) A  surface. 
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Molecular  beam  epiiaxv  of  GaAs  doped  with  Si  on  a  vicinal  surface  of  (llUA.  {21  DA  and  (31  DA  have  been  examined.  The 
v  ariations  of  the  impurity  concentrations  are  dependent  on  the  growth  eonditions  and  are  affected  by  the  angle  of  the  .substrates  The 
impurity  concentrations  are  compared  with  a  model  calculation  which  is  based  on  microscopic  surface  structures  .1  J  kinematical 
surface  reactions.  Growth  modes  are  monitored  by  reflection  high-energy  electron  diffraction  intensity  oscillations.  .A  doping 
mechanism  of  Si  atoms  into  GaAs  films  is  proposed. 


1.  Introduction 

Substrate  surface  microscopic  processes  during 
molecular  beam  epita.xy  (MBE)  growth  are  in¬ 
volved  in  realizing  mesoscopic  structures.  Micro- 
scevpic  surface  structures  on  tilted  substrates  [1,2] 
and  lateral  variations  of  doping  properties  on  pat¬ 
terned  substrates  (3]  have  been  reported.  The  mi¬ 
croscopic  growth  mechanism  has  received  consid¬ 
erable  attention  for  device  fabrication  as  well  as 
for  basic  physics  studies.  The  nature  of  the  growth 
modes  in  MBE.  i.e.  t\xo-dimensional  nucleation 
and  step  propagation,  has  been  investigated  by 
reflection  high-energy  electron  diffraction  (RHE- 
ED)  intensity  oscillations  [4].  On  the  other  hand, 
as  Si  is  the  amphoteric  dopant,  the  incorporation 
mechanism  during  MBE  growth  would  be  greatly 
affected  by  the  growth  modes.  It  is  well  known 
that  the  conductivities  of  GaAs  films  doped  with 
Si  on  nonplanar  substrates,  which  have  (lll)A 
steps  and  (1(X))  terraces,  are  p-type  on  the  step 
and  n-type  on  the  terrace  [3].  This  result  is  .similar 
to  that  of  planar  substrates  [5.6], 

Recently,  we  have  studied  the  conductivities  of 
MBE  grown  GaAs  on  tilted  ( 1 1 1  )A  substrates  due 


to  growth  conditions  [7.8].  In  this  paper,  we  in¬ 
vestigate  the  growth  and  Si  doping  mechanism  of 
MBE  grown  GaAs  on  tilted  (11  DA  substrates 
including  (211)A  and  (311)A,  The  ionized  impur¬ 
ity  concentrations  on  tilted  substrates  are  com¬ 
pared  with  the  model  calculation.  The  roles  of 
microscopic  bond  structure  on  growth  modes  and 
doping  mechanism  are  studied  by  RHEED.  and 
electronic  properties  are  studied  by  photolumines¬ 
cence. 


2.  Experimental 

The  MBE  growth  of  Si  doping  into  GaAs  was 
conducted  as  follows.  The  substrates  employed  are 
1°.  3°  and  5°  off  (lll)A  toward  (100)  in  addition 
to  (lll)A,  (211)A  and  (311)A.  The  substrate  tem¬ 
peratures  were  varied  from  500  to  600  °C.  The 
flux  intensities  of  Ga  (7.3  x  10  ^  Torr)  and  Si 
were  fixed.  The  Si  .source  temperature  was  1 330  °  C. 
The  flux  ratio  y  =  was  varied  from  1  to  7. 

The  growth  rate  was  about  1  ixm/h  and  the  film 
thickne.ss  was  1  /am.  The  conductivity  types  and 
ionized  impurity  concentrations  were  measured  by 
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the  C-  V  method.  Photoluminescence  spectra  were 
measured  at  11  K  using  the  514.5  nm  line  of  an 
argon  ion  laser. 


3.  Results  and  discussion 

3.1.  Doping  and  growth  modes 

The  tilted  substrates  of  (lll)A  have  two  differ¬ 
ent  types  of  bonds  ((100)  and  (lll)A)  which  might 
appear  on  the  step  and  terrace  of  the  surface.  The 
amphoteric  dopant  Si  dominantly  acts  as  donor 
on  (100)  and  acceptor  on  (lll)A.  The  amounts 
and  occupation  sites  of  incorporated  Si  during 
MBE  growth  were  treated  independently  for  both 
surface  bonds.  We  assume  that  the  Si  incorpora¬ 
tion  rates  on  the  terraces  having  Nj  sites  are 
determined  by  the  following  rate  equations.  These 
are 

d.\\,/tii=JN,K,e. 

for  Si  into  Ga  sites  and 

for  Si  into  As  sites,  where  A’,)  and  .V.^  are  respec¬ 
tively  the  impurity  concentrations  of  donor  and 
acceptor.  J  is  the  Si  flux.  A',  and  Aj  are  respec¬ 
tively  the  sticking  coefficients  of  Si  onto  the  As 
and  Ga  surfaces,  and  and  62  are  respectively 
the  surface  coverages  of  Ga  and  As  atoms.  Similar 
equations  are  written  for  incorporation  rates  of  Si 
on  the  steps  with  .V.;  sites.  The  sticking  coeffi¬ 
cients  and  coverages  are  denoted  by  a  prime. 
Finally,  the  ionized  impurity  concentration  A\  — 
.V|,  is  written  as 

A,- A„~y.V,(A,fl,  -  A',»,) 

+  y.Vs(A'X- A 

The  surface  coverages  (d,.  0,)  were  written  using 
the  flux  (7,.  7. )  and  sticking  coefficients  (  A,.  A'; ) 
of  Ga  and  As  as 

(?,  =«,'  =  A,7,/(  A,7,  +  A,7,). 

62  =  e:  =  A,7,/(  A, 7,  +  A:7, ). 


For  simplicity,  desorptions  of  the  atoms  are  ne¬ 
glected.  The  ratio  of  site  numbers  Nj/N^  is  ap¬ 
proximated  by  -  0.94/tan  xp  for  a  small 

tilt  angle  (xp)  of  the  substrates,  and  is  2  and  1  for 
(211)  and  (311)  substrates,  respectively. 

Fig.  1  shows  the  conductivity  map  in  the  plane 
of  tilt  angle  xp  and  flux  ratio  y.  We  note  that  the 
incorporated  Si  concentration  was  little  influenced 
by  substrate  misorientation  with  secondary  ion 
mass  spectroscopy  (SIMS)  measurements.  The 
dotted  line  in  fig.  1  shows  the  neutral  condition 
Ajj  =  Ai^  of  the  above  equation.  The  values  of  the 
fitting  parameters  are  chosen  as  follows:  Ai/A, 
=  0.5,  A,/A4  =  0.3.  A,VA4  =  1  and  A;  =  0.’The 
normalized  impurity  concentration  variations  with 
respect  to  flux  ratio  are  shown  in  fig.  2.  The 
experimental  values  are  well  fitted  to  the  calcu¬ 
lated  values,  except  for  the  5°  of  substrate  in  both 
figures.  In  this  case,  the  conductivity  tends  to  be 
n-type,  which  resembles  the  feature  of  the  step 
bonds  (100)  on  the  surface.  From  the  above  di.s- 
crepancy  we  believe  that  the  growth  mode  is  step 
propagation  rather  than  two-dimensional  nuclea- 
tion  as  is  the  case  of  5°  off  substrate. 

The  films  on  the  tilted  (lll)A  substrates,  ob¬ 
served  by  a  scanning  electron  microscope  (‘  i  .M). 
commonly  have  a  somewhat  rough  surface  mor¬ 
phology  with  pyramidal  facets.  But  the  pyramidal 
structures  fade  out  with  the  increa.se  in  substrate 
misorientation.  This  result  suggests  the  difference 
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in  growth  behaviour  of  tilted  and  exact  (lll)A 
substrates. 

The  growth  modes  of  GaAs  on  tilted  (lll)A 
substrates  were  investigated  by  RHEED  intensity 
oscillation.  Figs.  3a  and  3b  show  the  RHEED 
patterns  of  3°  off  substrate  with  incident  direction 
[Oil]  parallel  to  the  step  and  [211].  As  the  angular 
profile  of  the  RHEED  pattern  in  fig.  3a  is  broader 
than  that  of  fig.  3b.  there  is  a  large  fluctuation  in 
the  terrace  length  (9).  The  RHEED  intensity  of 
tilted  (lll)A  was  measured  using  integral  order 
spots.  Calculated  from  the  growth  rate  measure¬ 
ments  of  3°  off  substrate  in  fig.  3c.  one  period 
of  oscillation  corresponds  to  an  atomic-layer 
=  1.6  A)  growth.  But  no  oscillation  has 
been  observed  5  °  off  substrate.  The  growth  mode 
results  are  coincident  with  the  impurity  concentra¬ 
tion  results. 

3. 2.  Photoluminescence 

Fig.  4  shows  the  results  of  PL  measurements  of 
the  samples  with  y  =  4.8.  The  shapes  of  PL  spectra 
for  the  compensated  (3°  off)  and  non-com- 
pensated  (.'i°off  and  t311))  are  shown  in  fig.  4a. 
The  low-energy  edge  of  the  compensated  sample 
falls  gradually  and  re.sembles  the  edge  of  the 
(jaussian  [10]  and  the  high  energy  edge  reflects  the 
fluctuation  of  local  potential.  The  peak  energy  in 
the  compensated  sample  is  varied  logarithmically 


Fjg.  2.  Impunty  contenfralion  as  a  funclion  of  flux  ratio  jy) 
for  different  substrates;  3®  off.  5°  off  and  (31 1  )A. 


Fig.  3.  RHF.F.n  pattern.s  along  lOlI)  (a)  and  (2111  (b)  azimuthal 
directions.  RHKHD  intensiiv  oscillation  3°  off  substrate  is 
shown  in  (c). 


with  respect  to  excitation  intensity,  as  .shown  in 
fig.  4b.  The  shifts  are  as.sociated  with  band  tails  in 
compen.sated  .samples  [10].  On  the  other  hand. 
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Fig.  4.  PL  spccira  for  y  *4,8  are  shown  in  (a).  Kxcilaiion  intensity  is  5  mW.  Lxciiation  intensity  dependences  of  peak  energv  with 
different  substrates  are  shown  in  (bt.  Substrate  orientations  are  off.  5  °  off  and  (.^11  )A. 


non-compensated  samplers  have  sharp  peaks  and 
show  no  peak  shift.  PL  spectra  of  the  films  show  a 
behavitiur  corresponding  to  the  impurity  con¬ 
centration. 

■L.L  Disc  ussion 

The  surface  microscopic  priKesses  of  MBE 
growth  change  the  doping  characteristics  of  the 
amphoteric  dopant  Si.  The  results  indicate  that 
the  small  misorientation  of  the  substrate  alters  not 
only  the  carrier  concentration,  but  al.so  the  con¬ 
ductivity  type.  The  conductivities  of  the  films  in 
MBH  growth  would  be  determined  by  the  bond 
structures  of  the  surface,  namely,  films  with  p-type 
conductivity  would  be  grown  on  a  Ga  surface  and 
the  n-type  on  a  As  surface.  As  the  roles  of  macro¬ 
scopic  surface  orientations  and  microscopic  surface 
bonds  are  essentially  the  same,  the  carrier  con¬ 
centration  w'ill  be  related  to  the  grow'th  modes  on 
nonplanar  substrates. 

4.  Summary 

A  model  calculation  of  impurity  concentration 
of  Si  doped  into  GaAs  films  was  proposed.  The 
growth  mtxles  alter  the  Si  incorporation  mecha¬ 
nism  into  GaAs  films.  The  RHEF.D  oscillation  of 
a  3°  tilted  ( 1 1 1  )A  substrate  shows  the  atomic-layer 
growth.  The  relationship  between  growth  modes 


and  doping  mechanism  are  confirmed  by  RHEED 
and  PL  spectra. 
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The  effeeis  of  fast  (£„  =  14  MeV)  and  thermal  (£„  =  0.025  eV)  neutron  irradiation  on  quantum  transport  in  mixiulation-doped 
heterostructures  and  double  barrier  resonant  tunneling  diodes  have  been  investigated.  In  the  case  of  nusdulation  doped  heterostruc¬ 
tures.  both  concentration  and  mobility  of  the  2DEC  at  4.2  K  decreased  in  the  dark  after  fast  neutron  irradiation.  The  Hall  plateau 
broadened  and  the  SdH  oscillation  was  clearly  enhanced  under  high  magnetic  fields.  The  increase  of  the  concentration  and  mobility 
of  2DEG.  Hall  plateau  broadening  and  SdH  oscillation  enhancing  as  wfell  as  parallel  conductance  were  observed  at  4.2  K  in  samples 
irradiated  by  thermal  neutrons.  All  the  changes  disappeared  gradually  with  *me.  In  double  barrier  resonant  tunneling  structures 
irradiated  by  fast  neutron.s.  the  peak  current  position  valley  current  and  peak-tiwalley  ratio  (PTVR)  decreased. 


1.  Introduction 

Many  experiments  on  the  effect  of  neutron 
irradiation  in  GaAs  bulk  materials  have  been  per¬ 
formed  (l-4j.  Classification  of  the  defects  pnv 
duced  and  their  energy  spectrum  of  the  irradiated 
materials  were  the  main  subject  of  interest.  Ex¬ 
periments  have  revealed  that  the  anion  antisite 
configuration  and  complexes  of  As,,,- V,;,, 
exist  in  semi-insulating  GaAs  irradiated  by  fast 
neutrons.  Fast  neutron  irradiation  of  n-GaAs 
mainly  induces  two  deep  electron  traps  in  the 
band  gap.  The  first  is  referred  to  as  EL6  with  an 
energy  level  at  E,  +  0.6  eV.  TTie  .second  has  a  wide 
energy  distribution  around  -  0.5  eV  and  is 
referred  to  as  the  U  band. 

As  is  well  known,  in  quantum  Hall  effects 
Itxialized  states  play  an  important  role  in  interpre¬ 
ting  the  existence  of  Hall  plateaus.  Fast  neutron 
irradiation  can  introduce  artificial  defects  to  the 
heterostructure.  Hence  the  effect  of  localized  state 
on  Hall  plateaus  can  be  invetigated  in  2DEG 
samples  irradiated  by  fast  neutron.  In  addition,  in 
the  GaAs  channel  of  2DEG,  the  background  im¬ 
purity  concentration  may  be  in  a  range  of  low  10'“ 
to  high  I0'“  cm  \  and  electrons  with  high  con¬ 
centration  (the  high  lO'^cm  ')  in  the  2D  channel 
screen  the  background  ionized  impurities.  There¬ 
fore.  the  screening  effect  results  in  much  higher 


mobilities  than  lightly  doped  bulk  GaAs  at  low 
temperatures.  We  rea.soned  that  the  electrons  in 
the  channel  would  screen  the  defects  induced  by 
the  neutron  irradiation  as  well,  so  that  devices 
made  from  modulation  doped  heterostructure 
would  stand  against  irradiation  more  strongly. 

In  the  first  experiments  of  fast  neutron  irradia¬ 
tion  [5.6],  we  observed  several  phenomena  which 
could  not  be  explained  .solely  by  the  defects  intrev 
duced  by  fast  neutron  irradiation.  We  attributed 
this  to  the  effect  of  mixed  beam  irradiation  where 
the  fast  neutrons  dominated,  but  the  thermal  neu¬ 
tron  effect  could  not  be  ignored.  In  this  paper,  the 
effects  of  fast  and  thermal  neutron  irradiation  on 
transport  in  heterostructures  will  be  reported. 

2.  Sample  preparation  and  neutron  irradiation 

The  modulation  doped  heterojunctions  and  res¬ 
onant  tunneling  diodes  used  for  neutron  irradia¬ 
tion  experim.ents  were  prepared  in  a  home  made 
MBE  system  in  our  group. 

The  samples  for  QHE  studies  were  grown  at  a 
substrate  temperature  of  600  °C  and  a  growth  rate 
of  I  fim/h  for  GaAs  layers,  and  0.6  gm/h  for 
AIGaAs  layers.  A  1  gm  thick  undoped  GaAs 
buffer  layer,  followed  by  a  200  A  undoped 
AI,Ga,  ,As  space  layer,  and  a  400  A  thick  Si- 
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doped  Al^Ga,_^As  layer  and  150  A  GaAs  cap 
layer  were  grown  on  a  (100)  oriented  SI  GaAs 
substrate.  Standard  Hall  bridges  were  fabricated 
by  lithography  and  indium  balls  were  used  for 
ohmic  contact. 

The  double-barrier  structures  used  here  consist 
of  a  buffer  layer,  an  AlAs-GaAs-AlAs  double 
barrier  and  a  cap  layer.  The  thickness  of  symmet¬ 
ric  barriers  is  25  A  and  the  GaAs  well  width  is  70 
A.  The  spacer  layers  are  undoped  GaAs  layers  of 
15  A.  Circular  mesas  were  prepared  by  wet  etch¬ 
ing  with  diameters  ranging  from  30  to  80  jim. 
AuGe/Ni  was  deposited  and  alloyed  as  Ohmic 
contact. 

Two  sources  of  fast  neutrons  were  used.  One 

source  used  for  low  dose  irradiations  was  from  the 

reaction  T  +  d-  a  +  n  +  Q.  with  the  outgoing 

neutrons  of  about  14  Mev  energy  and  unit  flux  of 

1.2  X  10'*  n/cnr  •  s.  Another  source  for  higher  dose 
'  ^ 

irradiation  experiments  was  from  the  ‘  U  nuclear 
fusion  reaction  with  neutrons  of  energies  ranging 
from  1  to  20  MeV  and  a  flux  of  1.2  x  10' '  n/cm^  • 
s.  The  high  thermal  neutron  flux  was  reduced  by 
lining  the  watertight  container  with  a  layer  of 
cadmium. 

The  nuclear  splitting  reaction  of  heavy-nucleus 
actinium  in  a  light-water  moderated  nuclear  reac¬ 
tor  was  used  as  a  source  of  thermal  neutrons. 
Apart  from  a  small  number  of  high-energy  neu¬ 
trons.  the  majority  of  neutrons  from  the  thermal 
neutron  pile  had  an  energy  of  about  0.025  eV  with 
unit  flux  of  1.0  X  10"  n/cm"  •  s. 

3.  Modulation  doped  heterostnictures  under  neu¬ 
tron  irradiation 

3.1.  Effect  of  fast  neutron  irradiation  [7] 

Six  Hall  bridges  were  used  in  these  experiments 
and  neutron  irradiation  was  performed  with  the 
fast  neutron  source  of  lower  flux  intensity.  After  5 
h  of  irradiation,  the  total  neutron  flux  was  <j>  =  2.1 
X  10' ’  n/cm^.  By  monitoring  the  irradiation  pro¬ 
cess,  it  was  found  that  the  longitudinal  resistance 
of  the  sam  ples  at  room  temperature  increased 
gradually,  which  gives  evidence  that  defects  have 
been  induced  in  the  samples.  In  Si-AI  ,Ga,  _  ,As/ 


Table  1 

The  concentration  and  mobility  fi2D  2DEG  before  and 
after  fast-neutron  irradiation  of  2.1x10"  n/cm^.  which  were 
measured  in  the  dark  and  with  light,  respectively,  and  at  4.2  K 


n,i,  (10''cm  •) 

)i,D  (10''cinVV  s) 

Before  irradiation 

Dark  2.74 

15.8 

Light  5.18 

25,7 

After  irradiation 

Dark  2.65 

10.5 

Li^t  5,32 

19.0 

GaAs  modulation-doped  heterostructures,  the 
constituent  elements  have  nuclei  with  intermediate 
masses  in  the  range  from  25  to  80.  When  the 
samples  are  bombarded  with  fast  neutrons  of  about 
14  MeV,  elastic  scattering  (n.  n)  processes  are 
dominant.  As  a  result,  a  large  number  of  defects, 
such  as  AS(-a.  and  Asoa-Vo^  occur.  Since  it 
is  difficult  for  a  fast,  high  energy  neutron  to  be 
captured  by  a  nucleus,  the  probability  of  nucleus 
capture  (n.  y)  is  .so  small  that  the  irradiated  sam¬ 
ples  are  free  from  /3  decay  and  y  radiation.  There¬ 
fore.  the  characteristics  of  the  transport  in  such  an 
irradiated  sample  will  be  time  independent,  con¬ 
trary  to  the  situation  in  the  thermal  neutron 
irradiated  samples. 

3././.  Mobility  reduction  of  2 DEG 

Table  1  shows  the  changes  of  carrier  concentra¬ 
tion  and  mobility  from  a  typical  sample  before 
and  after  fast  neutron  irradiation.  Although  the 
carrier  concentration  decreased  in  the  dark  after 
irradiation,  the  change  was  very  small.  This  im¬ 
plies  that  the  resulting  electron  traps  were  few  in 
number  compared  with  the  electron  concentration 
in  the  2DEG  channel  after  a  do.se  of  lO”  cm  ' 
neutron  irradiation.  In  the  fast  neutron  irradiation 
experiments  on  GaAs  bulk  materials,  the  defect 
introduction  rate  has  been  determined  to  be  20-30 
cm"'.  Therefore,  in  our  Si  doped  AljGa|_,As 
layer  and  2DEG  channel  region  with  a  total  thick¬ 
ness  of  700  A.  the  defect  concentration  was  esti¬ 
mated  to  be  around  3  X  10’  cm"',  which  could 
not  cause  a  large  change  in  the  channel  electron 
concentration  through  trapping  in  the  samples 
used  for  the  experiments. 
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As  is  well  known,  at  low  temperatures  the  most 
important  scattering  mechanism  is  Coulomb  scat¬ 
tering.  As  a  rough  estimate,  it  may  be  assumed 
that  there  is  strong  Coulombic  scattering  between 
ionized  defects  and  2D  electrons  only  in  regions  of 
200  A  on  both  sides  of  100  A  wide  2DEG  channel. 
For  neutron  irradiation  of  2  x  10'^  cm  the  in¬ 
duced  defects  in  the  500  A  thick  layer  are  about 
3  X  lO"*  cm  ‘.  which  is  comparable  with  the 
amount  of  residual  impurities  in  the  channel. 
Therefore,  the  effect  of  neutron  irradiation  on 
carrier  scattering  by  induced  defects  is  much 
stronger  than  that  on  carrier  trapping  by  those 
defects. 


extended  states  which  are  associated  with  short- 
range  scattering.  In  the  case  of  high  concentration 
of  scatterer,  the  conductivity  has  a  maximum  (N 
+  l/2)e’/ir"/i.  In  the  case  of  low  concentration 
of  scatterer,  the  conductivity  has  a  maximum 
2iTe^N,{N  +  \/2)e-h  (A,  stands  for  scatterer  con¬ 
centration,  N  for  Laudau  level  index).  In  our 
samples  the  undoped  spacer  is  about  200  A  thick 
and  electrons  at  the  heterojunction  are  influenced 
by  the  weak  scatterer  potential,  so  the  maximum 
conductivity  would  increase  with  .scatterer  con¬ 
centration.  After  calculation  and  approximation, 
the  peak  value  of  the  SdH  oscillation  of  the  Ath 
Landau  level  is  given  by 


J.J.2.  Hall  plateau  broadening  and  SdH  oscillation 
enhancement 

Quantization  of  the  Hall  resistance  of  the  2DEG 
was  observed  by  son  Klitzing  et  al.  in  1980  [8]. 
The  Hall  plateaus  appear  when  the  Fermi  level 
resides  in  the  Landau  localized  states.  In  the  case 
of  fast-neutron  irradiation,  the  elastic  and  inela.stic 
scattering  give  rise  to  geometric  distortion  of  the 
lattice  in  our  samples.  As  the  scatterer  concentra¬ 
tion  increases,  the  localized  states  of  the  2DEG 
also  increa.se.  As  a  result,  the  energy  band  of  the 
Landau  extended  state  is  compressed,  while  the 
impurity  band  of  the  Landau  localized  state  is 
expanded  under  strong  magnetic  fields.  Naturally, 
we  can  .see  the  Hall  plateaus  are  broadened  just  as 
shown  in  fig.  1. 

The  peak  value  of  the  SdH  oscillation  is  ob¬ 
served  when  the  Fermi  level  lies  in  the  Landau 


Fig.  I  Hall  resistance  /?,,  and  diagonal  resistance  as  a 
function  nf  magnetic  field  B  before  (da.shed  lines)  and  after 
tsolid  lines)  fast-neutron  irradiation. 


2a(A-t-  1/2)5 


(1) 


which  is  enhanced  with  increasing  .scatterer  con¬ 
centration  A,,  as  shown  in  fig.  1. 


3.2.  The  effect  of  thermal  neutron  irradiation  [9J 
Six  Al^Ga, . ,  As/GaAs  modulation  doped  het¬ 
erojunction  samples,  divided  into  three  groups, 
have  been  irradiated  by  thermal  neutrons  for  2 
min.  20  min  and  1  h.  with  a  total  flux  of  1.2  x  10' '. 
1.2x10''*  and  3.6x10"*  n/cm".  respectively. 
When  such  .samples  are  bombared  by  thermal 
neutrons  of  about  0.025  eV.  nuclear  capture  (n.  y) 
should  be  the  dominant  process.  After  capturing  a 
neutron,  the  neutron-proton  ratio  of  a  nucleus 
rises,  followed  hy  (3  decay  and  y  radiation  which 
decrease  gradually.  Therefore,  the  behaviour  of 
the  2DEG  depends  strongly  on  the  time  elap.sed 
after  thermal  neutron  irradiation. 


3.2.1.  Time  dependent  effect 

The  time  dependence  of  the  concentration  and 
mobility  of  2DEG  for  a  sample  irradiated  by  a 
1.2  X  10'^  cm  ■  of  thermal  neutron  is  shown  in 
table  2.  The  measurements  were  performed  under 
low  magnetic  field  at  4.2  K.  Fig.  2  shows  that  the 
Hall  plateau  broadening  and  the  SdH  oscillation 
enhancement  under  strong  magnetic  field  at  4.2  K 
are  time  dependent  aLso. 

The  time  dependent  effect  may  be  explained  as 
follows.  The  irradiated  samples  are  dominated  by 
continuous,  extremely  .strong  decay  and  y 
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Table  2 

Changes  in  n^n  '*■2  K.  with  time  after  thermal-neu¬ 

tron  irradiation  of  1.2x10'''  n/cm" 


n,p(t0"cm  ■) 

Mzd  llO‘'cmVV  s> 

Before  irradiation 

2.m 

10.5 

30  h  later 

3.54 

11.8 

65  h  later 

3,41 

11.4 

2  months  later 

2.67 

9.3 

radiation,  which  are  followed  by  a  series  of  sec¬ 
ondary  processes.  The  nucleus  after  )3  decay  may 
capture  a  shell  electron  to  give  off  X-rays  or 
Auger  electrons.  Meanwhile,  the  internal  conver¬ 
sion  process  may  occur  accompanied  by  y  radia¬ 
tion,  i.e.,  the  interaction  between  the  electromag¬ 
netic  field  of  the  nucleus  and  shell  electrons  gives 
rise  to  a  transition  whereby  excited  energy  is 
transferred  to  shell  electrons  to  release  internal 
shell  electrons.  Moreover,  other  prcx'esses  relating 
to  the  energy  band  structure  of  semiconductors 
may  occur  with  these  radioactive  rays.  The  first  is 
the  excitation  of  electrons  of  the  DX  center  in  the 
doped  AljGa,  ,As  layer  and  the  second  is  the 
transition  of  electrons  from  the  valence  band  to 
the  conduction  band  generating  electron -hole 
pairs.  The  electrons  prcxluced  by  these  processes 
make  direct  contributions  to  the  2DEG  in  the  ca.se 
of  irradiation  doses  lower  than  1.2  x  K)''’  cm  '. 


B(T) 


Fig.  2  Hall  resistance  ft,,  and  the  diagonal  resistance  /?,, 
drawn  as  a  function  of  magnetic  field  B.  Dashed  line  1  is  the 
original  one  before  thermal-neutron  irradiation.  Solid  lines  2.  ? 
and  4  were  mea.sured  30  h.  65  h  and  2  months  later,  after  the 
irradiation,  respectively. 


As  a  result,  the  concentration  of  the  2DEG  in  the 
heterointerface  increases,  as  also  the  mobility  en¬ 
hances  owing  to  the  increase  in  Fermi  wavevector 
with  electron  concentration.  This  is  similar  to  the 
illumination  effect  of  the  optical  flux. 

The  decrease  of  2DEG  concentration  can  be 
described  as  an  exponential  decay  with  time; 

An(t)  =  v„c\p{-t/T).  (2) 

One  should  notice  that  part  of  the  carriers  de¬ 
scribed  by  —  n(oc)  is  captured  by  defects  caused 
by  higher-energy  pile  neutrons.  Letting  An(t)  = 
«(/)-n(x:)  and  =  ”(0)  -  n(x;).  and  using 
the  data  in  table  2.  we  obtain  T«||Sl.0xl0" 
cm  *  and  t  =  216  h. 

The  radiation  field  immediately  after  thermal 
neutron  irradiation  is  extremely  strong  and  ther¬ 
mal  neutron  irradiation  does  have  a  contribution 
to  the  Landau  localized  states,  leading  to  some 
slightly  broadening  of  Hall  plateaus  according  to 
our  observation.  But  it  is  difficult  to  verify  this, 
unless  we  make  more  accurate  measurements.  Be¬ 
cause  of  the  small  probability  of  elastic  and  inelas¬ 
tic  scattering  between  thermal  neutrons  and  atoms 
in  the  sample,  after  irradiation,  the  Hall  plateaus 
turn  out  to  be  broadened,  but  less  than  one  created 
by  fast  neutron  irradiation.  This  was  also  con¬ 
firmed  by  a  small  reduction  in  mobility  mea.sured 
two  months  later,  as  shown  in  table  2. 

For  both  fast-  and  thermal-neutron  irradiation 
we  have  observed  that  the  peak  values  of  the  SdH 
o.scillations  are  intensified  in  the  limit  of  short- 
range  scattering,  but  the  reasons  in  the  two  cases 
are  quite  different.  In  the  former  case,  the  increa.se 
of  scatterer  concentration  is  responsible.  In  the 
latter  case,  however,  the  strong  radiation  field 
produced  by  nuclear  reaction  is  the  cause.  Under 
such  a  radiation  field,  the  interaction  between  the 
strong  /8  (or  y )  rays  and  the  2DEG  has  basically 
the  nature  of  short  range  scattering,  leading  to  a 
large  increase  of  the  peak  value  of  the  longitudinal 
conductivity  corresponding  to  the  extended  state 
of  the  Afth  Landau  level. 

With  the  elapse  of  time,  P'  decay  and  y  radia¬ 
tion  decrease,  the  changes  related  to  the  radiation 
field  also  decrease  gradually,  as  shown  in  table  2 
and  fig.  2. 


292 


Junmtng  Zhou  el  ai  /  Effect  of  neutron  irradiation  on  transport  in  heterostructures 


Fig.  2.  Flal\  resistance  R  > ,  and  diagonal  resistance  R , ,  drawn 
as  a  function  of  magnetic  field  B  with  time  as  a  parameter: 
line  1.  before  thermal  nelron  irradiation;  line  2.  24  h  later;  line 
.2.  70  h  later;  line  4,  2  weeks  later,  after  thermal  neutron 
irradiation  with  a  dose  of  2.6x10'''  cm  ’.  The  parallel  con¬ 
duction  appear  in  lines  2  and  2.  and  disappears  in  line  4. 


duced  by  the  radiation  field  through  various  exita- 
tion  processes.  Usually  the  electrons  produced  may 
make  direct  contributions  to  the  2DEG  in  the  case 
of  low  radiation  field.  However,  in  the  ca.se  of 
higher  radiation  field,  the  full  width  of  the  deple¬ 
tion  layers  becomes  less  than  that  of  the  doped 
and  undoped  AlGaAs  layers,  and  a  parallel  con¬ 
duction  channel  appears  in  the  AlGaAs  layer. 
With  the  elapse  of  time,  the  nuclear  radiation 
decreases  and  the  excited  electrons  decrease  too. 
The  parallel  conduction  effect  tends  to  decrease 
and  after  two  weeks  disappears  completely.  After 
the  radiation  disappears,  the  characteristics  of  the 
quantum  transport  of  the  2DEG  are  completely 
determined  by  the  degree  of  damage  and  the  de¬ 
fects  in  the  samples.  Then  it  becomes  impossible 
to  find  the  parallel  conductance  without  illumina¬ 
tion. 


.12.2.  Parallel  Conductance 

To  investigate  the  persistant  photoconductivity 
(PPC)  in  modulation  doped  heterojunctions  the 
usual  experiments  are  always  performed  by  il¬ 
luminating  samples  with  monochromatic  light  or 
white  light.  By  contrast,  in  the  samples  irradiated 
by  thermal  neutrons,  parallel  conductance  can 
sometimes  be  observed  without  illumination  from 
outside.  When  the  samples  were  irradiated  by 
thermal  neutrons  with  a  total  flux  of  1.2  x  10'“' 
cm  '.  the  2DEG  concentration  increased  and  no 
parallel  conductance  occurred,  as  shown  in  fig.  2 
and  table  2. 

When  the  total  flux  of  thermal  neutrons  was 
increased  up  to  .2.6  x  10'“’  cm  ".  the  parallel  con¬ 
duction  effect  was  observed  24  h  and  70  h  later, 
after  the  irradiation,  and  then  disappeared  two 
week.s  later,  as  shown  in  fig.  3.  The  relate  con¬ 
centrations  and  mobilities  are  listed  in  table  3.  As 
described  above,  a  number  of  electrons  are  pro- 


Table  2 

C  hanges  in  njp  and  '*•7  K  wiih  lime  after  thermal-neu¬ 

tron  irradiation  of  2.6  x  10'^  n/cm‘ 


n,„  (lO"  cm  *) 

Rid  (10'‘cmVV  s) 

Before  irradiation 

2.65 

10.5 

30  h  later 

2.65 

12.9 

65  h  later 

2.50 

12.4 

2  months  later 

2.47 

8.80 

4.  Effect  of  neutron  irradiation  on  resonant  tunnel¬ 
ing  |10| 

The  samples  were  divided  into  5  groups,  each 
one  consisting  of  two  double  barrier  dicrdes.  Tw'o 
of  the  groups  were  irradiated  by  14  MeV  neutrons 
with  doses  of  1  x  10'*  and  1  X  10''’  cm  *.  respec¬ 
tively.  The  other  three  groups  were  irradiated  by 
the  *  U  nuclear  reactor  for  14  min,  2.3  h  and 
23.12  h  with  doses  of  1  x  10'“’.  1  X  lO''  and  1  x 
10'*’  cm  '.  re.speclively.  The  fast  neutron  reaction 
with  the  atoms  in  the  .samples  is  dominated  by  the 
primary  knock-on  (PKO)  process  resulting  in  a 
large  amount  of  atom  displacement.  The  defects 
could  form  clusters  due  to  possible  nuclear 
cascades.  Measuring  the  l-V  curve  after  fast  neu¬ 
tron  irradiation,  we  found  there  was  no  change  for 
low  dose  irradiation  such  as  1  X  10'*  and  1  x  10'’ 
cm  *.  However,  there  were  changes  for  high  doses 
-  the  higher  the  dose,  the  larger  the  changes.  Fig. 
4  shows  the  current-voltage  characteristics  for  a 
DBD  sample  inadiated  by  fast  neutron  dosage  of 
1  X  10''’cm  *.  Samples  irradiated  by  nuclear 
reactor  neutrons  were  measured  one  month  later 
to  avoid  the  radiation  effect.  For  all  samples  after 
irradiation  with  doses  above  1  x  10'“’  cm'^.  the 
peak  positions  of  current  and  valley  current 
shifted  to  a  higher  voltage  while  the  peak  current 
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F  ig,  4.  Sialic  current -Nollage  characien>iic>  of  resonant  tun¬ 
neling  tluxie  before  irradiation  (solid  line)  and  after  fast  neu¬ 
tron  irradiation  wiih  a  dose  of  1  x  U)’^  n,  cm*  (dashed  line). 

and  PTVR  decreased.  The  valley  current  /, 
had  a  .small  increase  for  doses  of  1  x  lO'"'  and 
i  X  I0''cm  X  but  decreased  for  a  dose  of  1  x  H)'*’ 
cm  The  change  of  was  larger  than  that  of  /, 
for  all  doses.  There  was  a  decrease  of  current  for 
all  samples  beyond  the  negative  differential  resi.s- 
tance  region  and  an  increase  of  resistance  of  the 
samples. 

Fast  neutron  irradiation  produces  ionized  im¬ 
purities  also  in  the  emitter  and  the  collector  re¬ 
gions.  resulting  in  an  increase  of  resistance.  This  is 
similar  t<'  connecting  a  senes  resistance  in  the  /  F 
measuring  system.  However,  an  increase  of  the 
resistance  in  the  collector  canmn  cause  such  a 
change.  This  was  demonstrated  from  the  results  of 
the  experiment  on  an  unirradiated  double  barrier 
diode  connected  with  a  .series  resistance  of  !  1  i2. 
Ill  which  the  same  shift  of  f  p  as  that  m  fig.  4 
occurred,  but  little  change  was  observed  in  and 

K 

.'\S(',,  defects  in  a  quantum  well  create  an  at¬ 
tractive  Coulomb  potential  for  electrons  such  that 
the  hound  energy  level  is  lowered,  whereas 
and  As,',,  V,‘,  type  defects  in  the  well  have  a 
repulsive  Coulomb  potential  for  electrons,  result¬ 
ing  in  the  raising  of  the  energy  level.  Since  fast 
neutron  irradiation  produces  a  nearly  equal  num¬ 
ber  of  As,',,  and  V,",  types,  the  repulsive  potential 


is  stronger  than  the  attractive  potential,  causing  a 
net  increase  in  the  energy  level  in  the  well.  The 
ionized  impurities  produced  by  neutron  irradia¬ 
tion  in  AlAs  barriers  raise  the  effective  tunneling 
barrier,  so  that  the  energy  level  is  rai.sed  further, 
albeit  by  a  small  amount.  These  two  facts  lead  to 
a  shift  of  Fp  and  F,  to  higher  voltages  in  the 
experimental  /-F  curve.  Calculation  [11]  shows 
that  impurities  in  the  well  would  reduce  PT'VR  in 
a  resonant  tunneling  diode.  Thus,  the  experimen¬ 
tally  observed  reduction  of  PT'VR  may  be  attri¬ 
buted  to  elastic  scattering  from  impurities,  lattice 
defects,  etc.,  produced  by  fast  neutron  irradiation. 
Fig.  4  shows  that  the  full  width  at  half  maximum 
of  the  current  (FWHM)  on  the  low  bias  side 
broadened  from  85  to  110  mV.  which  implies  the 
12.5  meV  broadening  of  the  bound  energy  level. 
This  broadening  of  the  I  I'  curve  can  be  attri¬ 
buted  to  impurity  scattering  itself  and  not  to 
fluctuations  of  impurities,  because  fast  neutron 
irradiation  causes  a  homogeneous  doping  in  the 
well.  The  tunneling  current  is  determined  by  the 
tunneling  probability  and  the  net  distribution  of 
incoming  particles.  The  decrease  of  the  Fermi 
energy  in  the  emitter  reduces  this  distribution,  and 
the  decrease  of  the  total  relaxation  time  reduces 
the  tunneling  probability.  Hence,  fp.  PTVR  and 
the  tunneling  current  beyond  the  negative  dif¬ 
ferential  resistance  region  are  reduces  by  fast  neu¬ 
tron  irradiation.  /,  depends  on  many  factors;  the 
increase  of  impurities  will  increase  impurity  as¬ 
sisted  tunneling  so  that  /,  will  increase;  the  de- 
crca.se  of  electron  density  in  the  accumulation 
region  and  V,-;,  and  Vy,  acting  as  traps  for 
electrons  will  reduce  /,.  The  change  of  /,  is 
determined  bv  all  these  factors. 


5.  Conclusion 

We  have  studied  the  characteristics  of  quantum 
transport  in  heterostructures  irradiated  by  fast 
and  thermal  neutrons.  Fhe  defects  caused  by  the 
fast  neutron  irradiation  are  the  origin  of  all  phe¬ 
nomena  observed  both  in  modulation  doped  het¬ 
erostructures  and  resonant  tunneling  diixles.  Be¬ 
cause  there  is  no  Coulomb  scattering  between  a 
neutron  and  a  charged  particle,  a  neutron  can 
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penetrate  a  sample  more  easily  than  charged  par¬ 
ticles.  Fast  neutron  irradiation  is  therefore  a  use¬ 
ful  method  to  study  the  role  of  defects  in  quantum 
transport  phenomena. 

In  the  thermal  neutron  irradiation  experiments, 
nuclear  radiation  is  the  origin  of  all  these  time-de¬ 
pendent  effects.  The  persistent  conductivity  due  to 
the  radiation  field  produced  results  in  time  depen¬ 
dent  increases  of  electron  mobility  and  electron 
density  only  at  low  temperature.  No  measurable 
changes  in  the  resonant  tunneling  diodes  irradia¬ 
ted  by  thermal  neutrons  have  been  observed. 
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Modulation  doped  inverted  and  normal  GaAs/Al^Ga,_  ,  As 
heterostructures;  influence  of  Si-segregation  on  the  two-dimensional 
electron  gas 

K.  Kohler.  P.  Ganser,  M.  Maier  and  K.H.  Bachem 

h'raunhiifer-lnsniui  fur  An^evmnJfe  FestkorperphvMk.  TuUaxirussi'  ^2.  W-7H()()  Freiburg.  Ctennuny 


Modulation  doped  GaAs,.  Al^Ga,  ,  As  heierosiructurcs  have  been  grown  b\  molecular  beam  epitaxy  in  the  temperature  range  of 
J5()-850'^G.  Special  emphasis  is  laid  on  the  two  different  types  of  heler<)structure.s:  doped  Ai^Ga;  ^  As  on  h>p  t>f  undoped  GaAs 
(normal  heterosiructure)  and  undoped  GaAs  on  top  of  doped  Al,Ga,  ,.As  (inverted  heterostructure).  The  electrical  properties, 
determined  h>  Hall  effect  measurements  at  77  and  300  K.  were  investigated  as  a  function  of  growth  temperature.  At  77  K  the  norma) 
heterosiruciures  exhibit  a  maximum  mobility  of  120.000  cmvV  s  at  a  substrate  temperature  of  750''C.  In  contrast,  the  maximum 
mobilitv  of  45.000  cm“  V  s  for  inserted  heterosiruciures  is  found  at  a  substrate  temperature  of  5(XJ°C‘.  whereas  at  a  temperature  of 
■^50 X'  a  drastic  reduction  of  mobilitv  <if  35fK)  cm'  V  s  is  observed  which  is  attributed  to  the  segregation  of  Si  atoms  into  the  channel. 
SIMS  depth  profiles  indeed  show  Si  segregation  in  the  spacer  layer  at  a  growth  temperature  of  70()‘^C.  Based  uptm  these  results  we 
have  grown  inverted  heterosiruciures  at  750'’C'  with  suppressed  Si  segregation  by  growing  the  doped  .Al,Gai  ,  As  layer  at  5{)0'’C. 


I.  Introduction 

Modulation  doped  GaAs/.M.Ga,  ..As  hetero- 
structures  exhibit  two-dimensional  electron  gases 
(2DHG)  with  enhanced  electron  mobilities.  The 
normal  heterostructure,  used  for  high  electron  mo¬ 
bility  transistors  (HEMTs).  is  achieved  by  the 
growth  of  the  doped  higher  band  gap  Al  .Ga,  ,  ,As 
on  top  of  the  undoped  lower  band  gap  GaAs.  By 
adding  an  undoped  Al  ,(ia,  ,  As  spacer  layer  with 
a  thickness  greater  than  20  nm.  low  temperature 
mobilities  (  r=  4  K)  larger  than  1  x  10'*  em'/V'  •  s 
measured  in  the  dark  have  been  reported,  where 
the  electron  concentration  is  reduced  to  below 
3x  lO"  cm  ■  [1  4|.  HE,MT  structures  suitable 
for  microelectronic  application,  which  need  maxi¬ 
mum  eonductivity  at  rixrm  temperature,  have 
smaller  spacer  layers  and  therefore  higher  electron 
concentration  and  low  temperature  mtthilities  of 
(1  .3)  X  10'  cm-'/V  ■  s  (1). 

In  compari.son  with  the  normal  hetero.structure. 
remarkably  little  is  known  about  the  inverted  het¬ 
erostructure  where  the  undoped  GaAs  is  grown  on 
top  of  the  doped  Al  .Ga ,  ,  As.  This  .structure  is 


the  basis  of  the  inverted  HEMT  (1-HEMT).  There 
are  some  technological  advantages  of  the  I-HEMT 
structure,  such  as  easy  formation  of  ohmic  con¬ 
tacts  to  the  2DEG  channel  and  simplified  gate 
recessing  schemes  [.S).  Attempts  to  realize  I-HEMT 
structures  have  been  rept^rted  [6-9],  The  problems 
which  have  to  be  solved  are  attributed  to  the 
higher  degree  of  interface  disorder  and  accumula¬ 
tion  of  impurities  at  the  inverted  interface  [6.7]  as 
well  as  to  the  segregation  or  outdiffusion  of  the 
Si-dopant  across  the  inverted  interface  into  the 
2DEG  channel  [8.9].  I-HEMT  structures  with 
highest  mobilities  (130.000  em'/V  ■  s  at  T  -11  K. 
and  460.CKX)  enr/V  •  s  at  T=  4.2  K)  were  grown 
by  Shtrikman  et  al.  [10]  by  using  growth  interrup¬ 
tion  and  low  growth  temperature  together  with 
reduced  growth  rates  during  growth  of  the  doped 
AI.Ga,  .As  layer. 

One  of  the  reasons  for  the  inferior  properties  of 
the  I-HEMT  structures,  .segregation  of  the  Si- 
dopant.  has  been  reported  by  several  authors. 
Segregation  is  found  in  doped  GaAs  and 
AI.Ga,  .A.s-films  [11.12].  selectively  doped  het- 
eroslructures  [12.13].  and  quantum  wells  [14].  as 
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well  as  in  Si  planar  doped  GaAs  with  doping 
concentrations  >  lO'*^  cm  '  [15],  In  contrast. 
Gonzales  et  al.  [16]  found  concentration  depen¬ 
dant  diffusion  but  no  preferential  migration  to¬ 
wards  or  away  from  growth  direction. 

In  this  paper,  we  report  on  the  growth  and 
comparison  of  HEMT  and  I-HEMT  structures  for 
electrical  devices  with  respect  to  electrical  proper¬ 
ties  for  different  growth  temperatures.  The  in¬ 
fluence  of  segregation  on  the  quality  of  I-HEMT 
structures  will  be  discussed.  Special  emphasis  is 
laid  on  identical  grow  th  conditions  for  both  struc¬ 
tures.  Finally,  we  will  show  that  we  can  achieve 
high  quality  I-HEMT  structures  mainly  by  sup¬ 
pressing  Si-.segregation. 

2.  Preparation  and  growth 
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The  Ga.As  .AI.Ga,  ^.As  layers  were  grown  by 
molecular  beam  epitaxy  (MBE)  in  a  Varian  Gen  II 
with  substrate  holders  for  indium  free  mounting. 
The  (100)  Ga.As  substrates  used  for  epitaxy  were 
semiinsulating  EEC  grown  2-inch  wafers.  Sub¬ 
strates  are  prepared  before  growth  on  an  espe- 
cialK  designed  spinner.  The  sequence  of  cleaning 
and  etching  steps  as  well  as  the  supply  of  etchant 
and  de-ionized  water  are  automatically  controlled. 
Etching  is  carried  out  in  a  solution  of  NH^OH. 
H  -O-  and  H-O  (5  :  1  :  5).  The  growth  temperatures 
for  the  samples  are  chosen  between  =  350°C 
and  8.h0°C  measured  by  thermtxouples  (17).  The 
gniwth  rate  for  GaAs.  determined  by  reflection 
high  energy  electron  diffraction  (RHEED)  inten¬ 
sity  oscillations,  is  1.25  gm/h  over  the  whole 
temperature  range. 

A  schematic  description  of  the  layer  configura¬ 
tion  is  shown  on  the  right  side  of  fig.  1  (HEM’l 
structure)  md  fig.  2  (1-HEMT  structure).  The 
respective  conduction  band  diagram  is  on  the  left 
side  of  the  figures.  First  an  undoped  .3(M)  nm  Ga.As 
buffer  layer  is  grown  for  both  structures,  followed 
bv  a  GaAs/AI,,  ,Ga,, tAs  superlattice  to  improve 
the  layer  quality  in  the  region  of  the  2DEG  [IXj. 
The  layer  sequence  of  the  HEMT  structure  (fig.  1) 
grown  on  top  of  the  buffer  continues  with  a  6()0 
nm  thick  undoped  GaAs  layer.  Then  an  Al,,, 
Ga,,-As  layer  follows,  consisting  of  a  5  nm  un¬ 


doped  spacer  and  a  60  nm  electron  supply  layer 
doped  with  7  10'  cm  '  Si  atoms.  The  structure 

is  capped  bv  an  undoped  20  nm  GaAs  layer.  The 
layer  sequence  of  the  l-HE.VIT  structure  (fig. 2) 
continues  from  its  superlattice  with  an  .AI|,  ,Ga,, 
.As  layer  consisting  of  a  200  nm  first  spacer  fol¬ 
lowed  by  a  40  nm  electron  upply  layer  doped 
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A.’.  Kohler  ei  ai  /  MD  inserted  und  normal  (.juAs /  Al ^iia ,  ^As  heteromructures 


1^1 


with  7  X  lO'  cm  ’  Si  atoms  and  a  second  spacer 
of  5  nm.  The  first  spacer  prevents  a  2DEG  from 
forming  at  the  normal  interface.  The  2DEG  chan¬ 
nel  at  the  inverted  interface  is  in  the  succeeding 
undoped  40  nm  GaAs  layer.  The  structure  is 
capped  by  a  Si-doped  30  nm  GaAs  layer  with  a 
doping  concentration  of  1  x  10’^  cm  This  cap  is 
designed  so  as  to  be  just  depleted  by  the  surface 
potential,  and  to  ensure  that  the  GaAs  conduction 
band  edge  at  the  heterojunction  is  below  the  Fermi 
level. 

The  spacer  thickness  of  5  nm  in  the  above 
structures  is  chosen  to  obtain  sufficiently  high 
carrier  concentration  in  the  channel  for  two  rea¬ 
sons:  first  to  reduce  the  influence  of  residual  im¬ 
purities  in  the  GaAs  channel  [1]  and  second  to 
achieve  optimum  conductivity  for  electrical  de¬ 
vices.  A  possible  effect  of  different  Si  diffusion 
times  during  the  growth  of  HEMT  and  1-HEMT 
structures,  as  mentioned  by  Gonzales  et  al.  [16]  as 
the  main  influence  of  the  different  performance  of 
HEMT  and  I-HEMT.  is  al.so  considered.  The 
doped  cap  layer  for  the  1-HEMT  structure  allows 
a  growth  time  of  about  200  s  after  the  incorpora¬ 
tion  of  the  dopant  for  the  2DEG  which  is  nearly 
the  same  for  the  HEMT  structure. 


3.  Result.s  and  di.scussion 

The  electrical  properties  of  the  2DEG  in  the 
HEMT  and  I-HEMT  structures  are  determined  by 
Hall  effect  measurements  using  then  Van  der  Pauw 
method.  Measurements  were  carried  out  in  the 
dark  at  temperatures  of  300  and  77  K..  The  results 
at  77  K  are  summarized  in  fig.  3.  The  mobility  of 
the  HEMT  structures  (dashed  line)  and  the  I- 
HEMT  structures  (full  line)  is  plotted  versus 
The  re.spective  carrier  concentration  is  plotted  be¬ 
low.  Results  at  room  temperature  show  similar 
behavior. 

The  mobilities  of  the  HEMT  structures  cover  a 
broad  range  around  10^  cm’/V  ■  s.  The  maximum 
mobility  of  120,000  cm^/V  •  s  is  achieved  at  = 
750°C.  At  T,  >  750“C,  we  obtained  a  slight  de¬ 
crease  in  mobility  which  we  attribute  to  interface 
roughnes''  due  to  Ga  desorption  [19].  A  strong 
decrease  in  mobility  is  observed  at  7",  <500°C 


400  500  600  700  800 

GROWTH  TEMPERATURE  (°C1 
Fig.  ?.  Hall  mobility  and  carrier  concentration  mea.sured  at  77 
K  of  the  HEMT  (da.shed  lines)  and  l-HE.MT  (full  lines) 
structure  versus  growth  temperature.  The  lines  are  intended 
only  as  a  guide. 


presumably  due  to  an  increa.se  of  intrinsic  crystal 
defects  [20|. 

The  I-HEMT  structures  show  maximum  mobil¬ 
ity  oi  47,000  cm  / V  ■  s  at  a  deci.sively  lower  of 
5CK)°C.  The  difference  in  mobilities  of  HEMT  and 
I-HEMT  structures  is  less  than  a  factor  of  1.5  at 
this  temperature  which  indicates  that  in  principal 
both  interfaces  (inverted  and  normal)  are  of  the 
same  quality.  Below  =  500°C.  we  also  observed 
a  drop  in  mobility  for  the  1-HEMT  structure  due 
to  the  reduced  crystal  quality.  In  comparison  to 
the  HEMT  structure,  the  behavior  above  =  500  ° 
is  totally  different.  A  clear  drop  of  the  mobility 
down  to  a  value  of  3500  emV^  ■  s  at  =  750°C 
is  observed.  This  value  is  comparable  to  that  of 
homogeneously  doped  GaAs  with  an  electron  con¬ 
centration  of  10”- 10”*  cm  *.  We  attribute  the 
drop  in  mobility  to  the  segregation  of  the  Si 
dopant  through  the  spacer  towards  the  GaAs 
channel.  The  actual  spacer  thickness  is  reduced 
and  the  influence  of  Coulomb  scattering  increases. 
This  trend  ends  when  the  Si  atoms  reach  the 
nominally  undoped  GaAs  channel  and  the  mobil- 
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ity  is  similar  to  that  of  doped  GaAs.  In  compari¬ 
son  with  the  mobility  of  the  HEMT  structure  for 

=  750°C  we  can  exclude  the  effect  of  diffusion 
which  would  act  on  both  structures  by  reduction 
f'f  the  mobility. 

The  respective  carrier  concentration  in  fig.  3 
shows  two  regions.  Below  =  500  °  C  the  carrier 
concentration  drops  due  to  the  increasing  amount 
of  trapping  centers  [20].  The  behavior  above  = 
500  °C  is  dominated  by  the  influence  of  Si  segre¬ 
gation.  Although  expected  constant  from  the 
growth  parameters,  the  actual  spacer  increases  with 
increasing  T,  for  the  HEMT  structure.  Here  the 
spacer  is  grown  before  the  Si  doped  layer  is  grown 
and  the  Si  segregates  away  from  the  2DEG.  Thus 
we  observe  a  decrease  of  the  carrier  concentration 
(dashed  line).  For  the  1-HEMT  structure,  where 
the  dopant  is  incorporated  before  the  spacer  is 
grown,  the  actual  spacer  decreases  with  increasing 
T,.  Here  we  observe  a  slight  increase  in  carrier 
concentration  (full  line). 


DEPTH  Inml 


Fig.  4.  SIMS  profile  of  l-HEMT  struclures  grown  at  550  and 
700°C  versus  sputter  depth.  Negative  secondary  ions  of  A.sSi, 
AsAI  were  recorded.  The  normalized  profiles  represent  the  Si 
and  Al  distribution. 


Based  on  the  electrical  data  we  can  interpret 
the  results  to  be  caused  by  Si  segregation.  Further 
proof  is  given  by  SIMS  depth  profiles  of  I-HEMT 
structures.  Measurements  of  profiles  representing 
Si  and  Al  distribution  are  shown  in  fig.  4.  Tbe 
normalized  profiles  for  two  I-HEMT  structures 
grown  at  7^  =  550  °C  and  700°C  are  plotted  versus 
sputter  depth.  For  a  description  of  the  experimen¬ 
tal  conditions,  see  Maier  et  al.  [13]  In  the  sample 
grown  at  7^  =  550°C  the  rise  of  the  Si  (full  line) 
and  the  Al  profiles  (dashed  line)  are  very  similar 
and  the  profiles  are  well  separated,  as  shown  in 
the  upper  part  of  fig.  4.  Therefore,  the  Si  con¬ 
centration  in  the  spacer  layer  is  lower  than  the 
detection  limit  of  1  x  10'^  Si  atoms/cm'.  Thus  we 
conclude  that  Si  is  confined  to  the  intentionally 
doped  layer.  The  situation  changes  significantly 
uoon  increasing  the  growth  temperature  to  = 
700°C  (lower  part  of  fig.  4).  Whereas  the  Al 
profile  is  unchanged,  a  distinct  modification  of  the 
Si  profile  is  observed  in  comparison  with  the  Al 
profile.  The  Si  profile  first  drops  below  the  Al 
pro  le  in  the  spacer  region.  However,  the  slope  is 
smaller  so  that  the  profiles  approach  each  other 
demonstrating  that  Si  indeed  has  segregated  into 
the  spacer. 

Using  the  fact  that  segregation  dominates  the 
electrical  quality  of  I-HEMT  structures  we  have 
grown  I-HEMT  structures  (fig.  2)  at  the  optimzed 
T,  for  HEMT  structures.  T,  =  750°C.  The  only 
difference  was  the  growth  of  the  doped  Al,Ga,_^ 
As  layer,  which  was  grown  at  =  5()0  °  C  to  re¬ 
duce  segregation.  Mobility  values  of  up  to  60,000 
cm^/V  •  s  at  T"  =  77  K  indicate  suppressed  segre¬ 
gation  and  an  improved  quality  of  the  inverted 
interface. 


4.  Conclusion 

We  have  demonstrated  the  influence  of  Si 
segregation  by  comparison  of  normal  and  inverted 
heterostructures  grown  by  MBE  at  different  T^. 
Segregation  was  confirmed  by  SIMS  analysis  of 
1-HEMT  structures.  In  temperature  ranges  where 
segregation  is  supressed,  HEMT  and  I-HEMT 
structures  are  of  comparable  quality  concerning 
the  electrical  properties. 


K.  Kohler  et  al.  /  MD  inverted  and  normal  GoAs /  A!  fia / 


As  kelerostructures 


299 


Acknowledgement 

We  gratefully  acknowledge  the  technical  assis¬ 
tance  of  S.  Emminger  in  sample  preparation. 


References 

[1]  K.  Hirakawa  and  H.  Sakaki.  Phys.  Rev.  B33  (1986)  8291. 

[2]  G.  Weimann,  in:  Festkorperprobleme  (Advances  in 
Phy.sics).  Vo\.  26,  Ed.  P.  Grosse  (Vieweg,  Braunschweig, 
1986)  p.  231. 

[3]  L.  Pfeiffer,  K.W.  West,  H.L.  Stormer  and  K.W.  Baldwin, 
Appl.  Phys.  Letters  55  (1989)  1888. 

[4]  C.T.  I'oxon.  J.J.  Harris,  D.  Hilton.  J.  Hewett  and  C. 
Roberts.  Semicond.  Sci.  Technol.  4  (1989)  582. 

[5]  S,  Nishi,  T.  Salto.  S.  Seki.  Y.  Sano.  H.  Inomata.  T.  Itoh, 
M.  Akiyame  and  K.  Kaminishi,  in:  Proc.  13th  Intern. 
Symp.  on  GaAs  and  Related  Compounds.  Las  Vegas,  NV, 
1986.  Inst.  Phys.  Conf.  Ser.  83,  Ed.  W.T.  Lindley  (Inst. 
Phys.,  London -Bristol.  1987)  p.  515. 

[6]  H.  Morko^,  T.J.  Drummond  and  R.  Fischer.  J.  Appl. 
Phys.  53  (1982)  1030. 

[7]  T.J.  Drummond.  J.  KJem,  D.  Arnold.  R.  Fischer,  R.E. 
Thome,  W.G.  Lyons  and  H.  Morkcx;.  Appl.  Phys.  Letters 
42  (1983)  615. 

[8]  S.  Sa.sa.  J.  Saito.  K,  Nanbu.  T.  Ishikawa  and  S,  Hiyamizu. 
Japan.  J.  Appl.  Phys.  23  (1984)  573. 


[9]  N.M.  Cho.  D.J.  Kim.  A.  Madhukar.  P.G.  Newman.  D.D. 
Smith.  T.  Aucoin  and  G.J.  lafrate.  Appl.  Phys.  Letters  52 
(1988)  2037. 

[10)  H.  Shtrikman,  M.  Heiblum.  K.  Seo,  D.E.  Gaibi  and  L. 
Osterling.  J.  Vacuum  Sci,  Technol.  B6  (1988)  670. 

(11)  A.  Rockett.  J.  Klem,  S.A.  Barnett,  J.E.  Greene  and  H. 
Morko^,  J.  Appl.  Phys.  59  (1986)  2777. 

[12|  M.  Heiblum,  J.  Vacuum  Sci.  Technol.  B3  (1985)  820. 

[13]  M.  Maier,  P.  Hiesinger.  K.  Kbhier  and  W.  Jantz.  Vacuum, 
in  press. 

[14]  K.  Inoue,  H.  Sakaki.  J.  Yoshino  and  Y.  Yoshioka.  Appl. 
Phys.  Letters  46  (1985)  973. 

[15]  R.B.  Beall.  J.B.  Clegg  and  J.J.  Harris.  Semicond.  Sci. 
Technol.  3  (1988)  612. 

[16]  L.  Gonzalez,  J.B.  Clegg,  D.  Hilton,  J.P.  Gowers,  C.T. 
Foxon  and  B.A.  Joyce,  Appl.  Phys.  A41  (1986)  237. 

[17]  Substrate  temperatures  up  to  -  500°C  are  also  meas¬ 
ured  by  transmission  measurements  using  the  temperature 
dependence  of  the  GaAs  band  edge.  The  substrate  heater 
is  used  as  a  light  source.  The  temperatures  are  comparable 
to  the  thermocouple  readout.  However,  at  =  li0°C 
measured  by  thermocouple  the  value  of  a  pyrometer  mea¬ 
surement  is  660°C. 

[18]  A.C.  Gossard.  IEEE  J.  Quantum  Electron.  QE-22  (1986) 
1649. 

[19]  T.  Kojima.  N.J.  Kawai.  T.  Nakagawa.  K.  Ohta.  T. 
Sakamota  and  M.  Kawashima.  Appl.  Phys.  Letters  47 
(1985)  286. 

[20]  T.  Muratoni,  T.  Shimanoe  and  S.  Mitsui.  J.  Crystal  Growth 
45  (1978)  302, 


300 


Journal  of  Crystal  Growth  111  (1991)  300-304 
Norih-Holland 


The  growth  and  characterisation  of  back-gated  high  mobility 
two-dimensional  electron  gas  structures 

D.A.  Ritchie.  J.E.F.  Frost,  D.C.  Peacock  *,  E.H.  Linfield.  A.  Hamilton  and  G.A.C.  Jones 

Curendish  Lahoratorw  University  of  Cambridge,  Madinf^tey  Road,  Cambridge  CB3  ONE.  UK 


This  paper  presents  a  description  and  analysis  of  two  hack-gated  high  mobility  GaAs/AIGaAs  two-dimensional  electron  gas 
(2DEG)  structures.  The  results  show  the  carrier  density  in  the  2DEG  varying  over  a  wide  range  with  a  low  leakage  current  from  the 
2DEG  to  the  n*  substrate,  which  acts  as  the  back-gate.  With  the  carrier  density  enhanced,  a  second  2DEG  formed  in  a  different  part 
of  the  structure  from  the  first  one.  These  samples  will  be  used  for  the  study  of  low-dimensional  structures  by  using  a  patterned  front 
gate  on  the  surface  of  the  epilayer  to  define  the  shape  of  the  structure  and  the  back-gate  to  vary  the  carrier  density. 


1.  Introduction 

The  control  of  the  electron  carrier  den.sitv  in 
two-dimensional  electron  gas  (2DEG)  structures  is 
important  for  investigation  of  the  quantum  Hall 
effect  as  well  as  studies  of  electrons  confined  in 
low-dimensional  structures. 

One  technique  to  control  the  carrier  density  is 
to  deposit  a  gate  onto  the  surface  of  the  epilayer 
either  in-situ  [1)  or  outside  the  MBE  environment 
(2],  Combining  this  with  the  fabrication  of  low 
dimensional  structures  involves  complex  sample 
processing  [3.4].  The  provision  of  a  back-gate  on 
the  .sample  to  control  the  electron  density  however 
allows  the  use  of  patterned  gates  [5]  on  the  epi¬ 
layer  surface  to  independently  confine  the  elec¬ 
trons.  Back-gates  have  been  evaporated  onto  the 
rear  of  samples  thinned  to  -  120  (im  [2]  but  this 
approach  has  problems  of  uniformity  and  low 
sensitivity  to  back-gate  bias.  A  conducting  sub¬ 
strate  has  been  used  to  back-gate  an  “inverted" 
GaAs  on  AlGaAs  heterostructure  [6]  and  this  work 
has  been  extended  to  the  manufacture  of  a  one-di¬ 
mensional  structure  [7].  The  “inverted"  structures 
suffer  however  from  having  a  lower  mobility  than 
conventional  AlGaAs  on  GaAs  heterostnicture  [8]. 

*  Also  at  GEC  Hirst  Research  Centre.  East  Lane.  Wembley 

HA9  7PP.  UK. 


For  all  ex-situ  evaporated  gates  the  uniformity- 
over  the  sample  is  worse  than  for  those  deposited 
in-.situ  because  of  surface  contamination.  For  all 
fabricated  gates  it  is  necessary  to  have  a  leakage 
current  of  order  1  nA  over  the  range  of  bias 
required  to  avoid  electron  heating  at  milli-kelvin 
temperatures. 

In  this  paper  a  di.scussion  is  presented  of  the 
growth  and  properties  of  conventional  high  mobil¬ 
ity  heterostructures  growm  on  a  barrier  structure 
on  top  of  conducting  n-type  substrates. 


2.  Epilayers 

Sample  growth  took  place  in  a  VG  V80H 
GaAs/AlGaAs  MBE  machine  using  conventional 
thermal  sources.  Silicon  and  beryllium  were  used 
as  dopants  and  the  typical  background  impurity 
level  for  the  system  was  1  x  10'“'  cm  '  n-type. 
Growth  occurred  on  2  inch  diameter  silicon  doped 
n*  wafers  mounted  in  indium  free  holders,  the 
substrate  temperature  being  determined  by  an 
Ircon  infra-red  pyrometer. 

Two  structures  grown  are  depicted  in  fig.  1. 
They  each  consist  of  a  conventional  high  mobility 
heterostructurc  [8]  separated  from  the  conducting 
substrate  or  back-gate,  by  a  barrier  structure  de¬ 
signed  to  give  a  low  gate  leakage  current  whilst 
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allowing  variation  of  the  2DEG  concentration  by 
changing  the  gate  bias.  The  first  barrier,  in  sample 
C190.  consisted  of  0.79  /im  thick  AlGaAs  layer 
between  two  0.25  /im  GaAs  layers.  The  GaAs  was 
grown  at  530  °C  to  make  it  insulating,  the  rest  of 
the  structure  was  grown  at  640  °C.  The  structure 
also  has  two  superlattice  buffers  to  prevent  the 
diffusion  of  impurities  and  dislocations.  These 
superlattices  have  been  shown  by  measurements 
on  other  samples  not  to  provide  a  sufficient  elec¬ 
trical  isolation  barrier  in  themselves. 

The  second  sample  C319  contained  in  p-n 
junction  with  a  variable  period  multiple  quantum 
well  structure  at  its  centre.  This  structure  is  based 
on  that  used  by  Couch  et  al.  (9]  for  a  low  leakage 
diode.  Tile  p-type  doping  level  was  lO'*'  cm^  \  in 
another  sample  with  this  layer  doped  in  the  lO’" 
cm  '  range,  varying  the  back-gate  bias  only  made 
a  tiny  change  to  the  2DEG  density.  A  superlattice 
buffer  was  grown  after  the  p-n  structure  for  the 
reasons  given  above.  The  growth  temperature 
throughout  this  structure  was  655  °C. 


3.  Measurements 

The  samples  were  processed  by  photolithog¬ 
raphy  and  wet  etching  into  Hall  bars  of  length  400 
jum  and  width  60  ftm  with  eight  contacts  made  by 
evaporating  a  Au/Ge/Pd  structure  followed  by 
optical  annealing.  Contact  to  the  substrate  (the 
back-gate)  was  by  another  evaporated  contact. 
The  samples  were  characterised  in  a  '‘He  cryostat 
at  temperatures  >  1.5  K  and  magnetic  fields  8 
T.  All  measurements  reported  here  were  made 
without  illumination. 

The  gate  to  2DEG  leakage  current  was  meas¬ 
ured  with  a  picoammeter  as  a  function  of  the 
applied  voltage.  For  sample  Cl  90,  the  range  of 
bias  over  which  the  leakage  current  was  below  1 
nA  was  -7  to  3-13  V  and  for  C319  it  was  —1.8 
to  -1-2.0  V,  some  data  presented  are  outside  these 
ranges. 

The  samples  were  further  characterised  by  pas¬ 
sing  an  AC  current  of  1  or  0.1  jaA  along  the  Hall 
bar  and  by  using  phase  sensitive  detection  tech- 
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Fig.  1.  The  structure  of  the  two  MBE  samples  C190  and  C319.  The  position  of  the  two  2DEGs  is  shown. 
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niques  to  measure  the  four  terminal  resistivity  and 
the  Hall  voltage  at  0.4  T.  These  measurements 
were  carried  out  at  5  K  and  a  a  function  of  gate 
voltage.  The  results  were  the  same  for  different 
sets  of  contacts.  From  these  data  the  values  of 
electron  mobility  and  density  were  obtained. 

Measurements  were  made  at  fixed  gate  voltage 
of  the  resistivity  and  Hall  voltage  as  a  function  of 
magnetic  field,  giving  rise  to  Shubnikov-De  Haas 
(SdH)  oscillations  and  observation  of  the  quantum 
Hall  effect.  By  plotting  the  SdH  oscillations  as  a 
function  of  and  Fourier  analysing  the  result, 
the  2DEG  density  was  obtained.  Under  certain 
conditions  two  oscillation  frequencies  were  ob¬ 
tained.  which  are  discussed  later. 


4.  Results  and  discussion 
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Figs.  2  and  3  show  the  carrier  density  and 
electron  mobility  plotted  as  a  function  of  gate 
voltage  for  C190  and  C319,  respectively.  For 
Cl 90  the  Hall  carrier  density,  nnaic  varied  over  a 
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Fig.  3.  Carrier  density,  nuaii.  with  n,  and  from  SdH  data 
plotted  with  mobility.  fiHaii'  as  a  function  of  back  gate  bias. 
Fj.  for  sample  C319. 


U00-. 
1000 
800 
600 
400 
200  ^ 
o!-- 


^  Uhall 


Hhall 


5^ 


la 

r.  , 


0  - L-  ,.^..^1  - - ^ 

-8  -4  0  4  8 

V*/ Volts 


Fig.  2.  Carrier  density,  riHaii-  *"4  mobility,  PHaii-  horn  Hall 
data  as  a  function  of  back  gate  bias,  K,,  for  sample  C190.  The 
linear  regions  of  different  gradients  are  shown. 


wide  range,  between  9  x  10'"  and  5.2  x  10"  cm ' 
whilst  the  mobility  increased  steadily  over  this 
range  from  1.3  X  lO'  to  over  1.2  X  10"  cm’  V  ’ 
s  '  before  falling  away  slightly.  The  results  for 
C319  follow  a  similar  pattern  at  larger  carrier 
densities. 

For  both  structures  the  value  of  riHaii  increased 
linearly  with  at  low  carrier  concentration.  At 
certain  positive  values  of  2.7  V  for  C190  and 
0.5  V  for  C319,  the  gradient  changed.  This  change 
corresponded  to  the  peak  in  the  mobility  char¬ 
acteristic.  In  addition  a  second  frequency  was 
observed  in  the  SdH  oscillations  as  the  carrier 
density  increased  into  this  second  region.  This 
suggests  that  in  this  regime  a  second  2DEG  be¬ 
came  populated.  In  fig.  3  carrier  density  values 
from  the  SdH  data  are  plotted  together  with  the 
Hall  carrier  density  and  mobility  data  for  sample 
C319.  The  SdH  results  for  <  0.5  V  were  in  good 
agreement  with  the  Hall  results.  For  >  0.5  V 
two  SdH  oscillation  frequencies  were  observed 
showing  that  the  SdH  carrier  density,  /?,,  from  the 
first  2DEG  remained  constant  while  the  carrier 
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density  in  the  second  2DEG,  increased  stead¬ 
ily.  As  expected,  the  sum  of  the  two  SdH  densities 
equalled  the  Hall  density.  Eventually  the  second 
SdH  density  became  greater  than  the  first.  Cl  90 
showed  similar  properties.  In  both  structures  in 
the  first  region  of  gate  bias,  the  SdH  oscillations 
reached  zero  resistivity  at  certain  magnetic  fields. 
This  confirms  the  absence  of  parallel  conduction 
in  the  doped  AlGaAs  near  the  surface  of  the 
heterostructures. 

At  first  it  was  beheved  that  the  two  oscillation 
periods  corresponded  to  two  electrical  subbands 
in  one  location,  it  is  now  believed  that  there  are 
two  2DEGs  at  separate  locations  in  the  structure, 
the  first  at  the  usual  heterointerface  and  the  sec¬ 
ond  at  the  top  of  the  barrier  structure,  as  shown  in 
fig.  1.  It  is  thought  that  the  first  2DEG  stops 
filling  as  the  second  one  begins  since  the  second 
2DEG  screens  the  first  from  the  attractive  charge 
on  the  gate.  This  explanation  is  also  consistent 
with  the  change  in  gradient  of  /iHaii  since 

this  is  a  measure  of  the  capacitance  per  unit  area 
between  the  gate  and  the  2DEG  and  is  given  by 

f  =  C/A  =  d/tHaii/d^'g- 

Here.  J  is  the  distance  between  capacitor  plates 
and  €,=  12.5  for  GaAs  at  low  temperatures.  For 
two  2DEGs  at  different  distances  from  the  gate 
the  capacitance  was  different,  which  gave  dissimi¬ 
lar  gradients  in  the  two  regions  of  the  graph.  The 
distance  from  the  first  2DEG  to  the  gate  was 
calculated,  this  gave  results  larger  than  expected 
by  23T  for  C190  and  18%  for  C319.  The  ratio  of 
the  two  gradients  for  each  sample  was  used  to  find 
the  position  of  the  second  2DEG,  580  A  above  the 
superlattice  buffer  for  C190  and  14  A  above  it  for 
C319.  These  values  are  within  experimental  error 
of  the  position  shown  in  fig.  1. 

The  electron  mobilities  of  the  two  2DEGs  in 
sample  C319  were  calculated  by  two  methods,  that 
of  Kane  et  al.  (10]  and  by  a  fit  to  the  low  field 
magnetoresistance  from  the  SdH  data.  These  gave 
the  same  result,  the  second  2DEG  has  a  mobility 
of  4.25  X  10’  cm^  V  '  s' '  at  low  carrier  densities 
rising  to  4.5  x  lO’  cm^  V'^  s'^  at  a  density  of 
2.5  X  lO' '  cm '  This  is  a  large  but  not  an  unpre¬ 
cedented  value  for  a  2DEG  located  on  an  “in¬ 
verted”  heterojunction  [6]. 
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Fig  4.  Hall  resistance  as  a  function  of  back  gate  bias.  for 
C319.  the  expected  quantum  Hall  plateaux  are  marked. 


As  further  evidence  of  this  double  2DEG  struc¬ 
ture.  fig.  4  shows  the  Hall  resistance.  R  [,^,,1  = 
Fh^i,//  at  1.5  K  as  a  function  of  gate  voltage  for 
several  different  magnetic  fields.  I  is  the  current 
passing  along  the  Hall  bar.  The  data  shown  are 
from  C319.  In  the  range  <  0.5  V  a  series  of 
quantum  Hall  plateaux  were  observed  given  by 
=  h/ie^  for  even  integer  /.  For  K^>0.5  V 
further  plateaux  were  observed  which  were  attri¬ 
buted  to  the  increasing  occupation  of  the  second 
2DEG.  These  plateaux  are  not  quantised  because 
the  measurement  is  a  parallel  combination  of  the 
Hall  resistance  from  the  first  2DEG  with  that 
from  the  second.  The  Hall  resistance  of  the  first 
2DEG  is  constant  in  this  region  and  therefore  may 
be  subtracted  from  the  measurements.  In  that  case 
these  plateaux  became  quantised,  their  indices 
being  marked  on  the  graph.  This  structure  there¬ 
fore  provides  a  way  of  observing  the  properties  of 
low  order  Landau  levels  at  low  magnetic  fields. 
The  results  shown  in  fig.  4  also  confirmed  the  high 
quality  and  uniformity  of  the  gate  in  this  structure 
as  well  as  confirming  the  high  mobility  of  the 
second  2DEG.  These  results  also  imply  that  the 
contacts  must  have  penetrated  to  the  second  2DEG 
when  the  gate  was  used  to  enhance  the  carrier 
density. 

At  present  experiments  are  being  carried  out  to 
determine  the  optimum  design  of  low  leakage 
barrier  as  well  as  applying  this  technique  to  the 
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fabrication  of  back-gated  low-dimensional  de¬ 
vices. 


5.  Conclusions 
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High  mobility  heterojunction  samples  have  been 
manufactured  which  show  a  large  variation  of 
two-dimensional  carrier  density  with  back-gate 
bias.  The  leakage  current  is  less  than  1  nA  making 
these  devices  suitable  for  experiments  at  the  lowest 
temperatures. 

The  occupation  of  a  second  2DEG  has  also 
been  observed.  This  has  been  shown  to  be  located 
above  the  superlattice  buffer  in  the  structure.  The 
quantum  Hall  effect  has  been  clearly  observed  in 
both  2DEGs  in  this  structure  as  a  function  of  gate 
voltage,  illustrating  the  high  quality  of  the  back- 
gated  structure. 
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The  growth  of  shallow  high  mobility  two-dimensional  electron 
gas  structures 

J.E.F.  Frost.  D.A.  Ritchie  and  G.A.C.  Jones 

CafcnJish  luihurattirw  Lmversity  of  Camhridf>e,  Mudingley  Rood,  Camhndyfe  CB<  0//E.  VK 


(iaA^  AIA^  heiernsiructures  ari;  described  in  which  the  twivdimensional  elcctrun  gases  (2DECis)  are  in  close  proximity  to  the 
crxsialline  surface  Measurements  are  presented  from  samples  in  which  the  2DKGs  were  15  and  25  nm  below  the  GaAs/sacuum 
interface  The  sheet  carrier  concentrations  were  6.7  X  lO"  and  5.4  X  10' '  cm  “  and  Hall  mobilities  were  5  x  10'  and  1 .2  x  lO"  cm' 
V  '  s  '.  respectiselx.  at  4  K  The  two  samples  were  examined  by  transmission  electron  microscopy.  Hall  measurements  are  gisen 
both  as  a  function  of  temperature  and  as  a  function  of  surface  Schoilky  gale  voltage  at  4  K  .A  simple  capacitor  model  was  used  to 
relate  the  sheet  earner  concentration  versus  gale  voltage  dependence  to  the  depth  of  the  2DKG  below  the  gale  Variable  temperature 
Hall  measuremenis  suggest  that  ionized  impurity  scattering  is  less  significant  than  phonon  scattering  at  4  K 


I.  Introduction 

filcciron  beam  lithography  combined  with 
molecular  beam  epita.xy  (MBE)  has  advanced  the 
development  of  device  fabrication  techncilogy  in 
which  electrons  exhibit  a  physical  behaviour  char¬ 
acteristic  ot  reduced  dimensionality  at  low  tem- 
perature.s.  Electrons  may  be  confined  close  to  a 
modulation  doped  AlGaAs/Ga.As  heterojunction 
grown  by  MBE  to  form  a  two-dimensional  elec¬ 
tron  gas  (2DEG).  Further  confinement  may  be 
achieved  by  fabricating  split  Schottky  gates  ym  the 
sample  surface  by  electron  beam  lithography 
( EBL)  so  that  the  electrons  are  confined  tt>  exist  in 
either  ID  or  even  OD  by  the  imposed  electric  field. 
The  current  line-width  resolution  limit  set  by  EBL 
metallisation  lift-off  is  ca.  50  nm  and  to  realize  its 
full  potential,  the  2DEG  should  be  formed  at  a 
distance,  d.  less  than  this  limit  below  the  surface 
of  the  epitaxial  layer.  Novel  physical  effects  may¬ 
be  observed,  for  example  electron  interference  at 
sharp  Schottky  gate  corners. 

High  mobilities  are  required  in  low-dimen¬ 
sional  structures  in  order  to  increase  the  inelastic 
scattering  time  and  preferably  at  a  low  sheet  car¬ 
rier  concentration,  where  the  Fermi  wavelength  is 
larger.  A  mobility  of  10'’  cm’  V  ‘  s  '  at  a  carrier 


concentratiem  of  2.2  x  lO"  cm  ■  has  been 
achieved  previously  elsewhere  with  d=  33  nm  [1). 
Layers  of  a  comparable  mobility  and  sheet  carrier 
concentration  but  with  the  value  of  d  reduced  to 
15  nm  have  been  grown.  We  describe  two  layers 
from  this  series  and  compare  their  properties  with 
more  conventional  structures  with  d  =  70  nm  and 
d  =  260  nm  grown  in  the  same  system. 


2.  Sample  growth  and  characterisation 

A  series  of  structures  was  grown  in  a  solid 
source  VG  Semicon  V80H  MBE  machine  at  sub¬ 
strate  temperatures  between  600  and  640  °C'  as 
measured  with  an  Ircon  infra-red  pyrometer  dur¬ 
ing  the  GaAs  buffer  growth  (fig.  1).  Two  inch 
diameter  GaAs  substrates  were  mounted  in  an 
indium-free  holder  of  proprietary  design.  The 
growth  rate  in  each  case  was  2  jam/h  and  doping 
was  changed  by  variation  of  the  planar  doping 
duration  with  the  silicon  cell  temperature  con¬ 
stant.  Each  layer  contained  a  GaAs  buffer  fol¬ 
lowed  by  two  AlAs  barriers  separated  by  a  2.2  nm 
GaAs  or  2.8  nm  AlinGai,  7A.s  quantinn  well  planar 
doped  with  .silicon.  The  intended  AlAs  barrier 
thickness  were  10  and  5  nm  for  A381  and  A384. 
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Fig.  1.  Schematic  diagram  of  the  shallow  2DEG  .structures. 


respectively,  and  all  layers  were  capped  with  2.2 
nm  of  GaAs.  The  sheet  doping  concentrations  in 
A381  and  A384  were  estimated  to  be  1.0  x  lO’’ 
and  1.5  x  10'-  cm  '.  respectively.  A  2DEG  forms 
between  the  GaAs  buffer  and  the  first  AlAs  bar¬ 
rier  and  the  sheet  doping  concentrations  were 
chosen  to  eliminate  parallel  conduction. 

The  epitaxial  layers  were  processed  into  eight 
contact  Hall  bars  using  conventional  photolith¬ 
ography.  AuGeNi  ohmic  contacts  were  annealed 
at  360  °C  for  15  s  which  is  lower  than  the  430  °C 
used  for  our  standard  2DEG  heterostructure  with 
J  =10  nm.  Some  Hall  bars  had  Schottky  gates 
with  either  gold  or  palladium  followed  by  gold 
metallisation.  The  more  conventional  layer  A304 
had  a  GaAs  buffer,  a  40  nm  Al„,Gan7As  un¬ 
doped  spacer,  a  200  nm  doped  Al„  ,Ga„7As  layer 
and  finally  a  20  nm  GaAs  cap  and  A281  had  a 
GaAs  buffer,  a  20  nm  Al„,Ga|,7As  undoped 
spacer,  a  40  nm  doped  Al|,,Ga|,7As  layer  and 
finally  a  10  nm  GaAs  cap. 

The  processed  devices  were  characterised  in  a 
continuous  flow  ‘*He  cryostat  from  room  tempera¬ 
ture  to  4  K  and  in  a  1.5  K  cryostat  in  the  dark  and 
after  illumination  by  a  red  LED.  Measurement 
currents  of  0.1  and  1  n\  were  used  and  gated 
samples  were  biased  with  a  Keithley  236  which 
allowed  simultaneous  monitoring  of  the  gate  volt¬ 
age  and  leakage  current.  Fixed  and  swept  mag¬ 
netic  field  measurements  up  to  6  T  were  made. 


3.  Results  and  discussion 

Two  of  the  samples.  A381  and  A384.  were 
examined  using  TEM.  The  total  distances  to  the 
2DEG  heterointerfaces  below  the  surface  were  less 
than  31  and  20  nm,  respectively. 

Fig.  2  shows  the  dependence  of  sheet  carrier 
concentration  and  mobility  for  A381  with  d=15 
nm  and  A384  with  d=\5  nm.  The  mobilities  of 
these  samples  with  dopant  to  2DEG  separations 
of  11  and  6  nm  respectively  compare  favourably 
with  published  data  from  samples  with  similar 
spacer  thicknesses,  and  at  lower  sheet  carrier  con¬ 
centrations  [2].  At  the  lowest  temperatures  the 
mobility  is  still  increasing,  and  this  suggests  for 
these  two  samples  that  the  temperature  depen¬ 
dence  of  the  mobility  is  dominated  by  phonon 
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Fig.  2.  Temperature  dependence  of  the  sheet  carrier  concentra¬ 
tion  and  mobility  in  the  dark  and  after  illumination  for  A381 
and  A384. 
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Fig.  3.  Sheet  earner  density  as  a  function  of  surface  Schoitky 
gate  bias  for  A381.  A384.  A304  and  A291. 


scattering.  If  this  were  not  the  cas  '.  and  ionized- 
impurity  scattering  dominatf..,  ' '.^n  a  decrease  in 
mobility  below  about  50  K  v  mid  be  expected  [3]. 
A  gated  sample  of  A3xl  aid  indeed  have  this 
decrease  in  mobility  .ith  temperature  when  nega¬ 
tively  biased,  and  nence  at  a  lower  sheet  carrier 
density.  This  in  turn  suggests  that  for  these  carrier 
concentrations,  the  distance  d  may  be  reduced 
further  without  degrading  the  mobility. 

Fig.  3  shows  the  variation  of  sheet  carrier  con¬ 
centration  with  applied  gate  voltage  for  two  shal¬ 
low  2DEG  structures  and  two  more  conventional 
structures.  The  four  samples  shown.  A384.  A381. 
A281  and  A304.  have  expected  d  values  of  15.  25. 
70  and  260  nm.  respectively,  but  the  simple  capa¬ 
citor  model  used  gives  d  values  of  40.  56.  91  and 
533  nm.  The  absolute  values  may  be  given  incor¬ 
rectly  due  to  the  presence  of  trapped  charges 
between  the  2DEG  and  the  gate  or  because  the 
thickness  has  been  increased  by  oxidation  prior  to 
metallisation,  but  the  trend  in  the  two  depths  is 
apparent. 

Parallel  conduction  is  deleterious  to  perfor¬ 
mance  in  low  dimensional  structures  and  may 
degrade  the  quality  of  low  temperature  results  by, 
for  example,  eliminating  zeroes  in  Shubnikov-De 
Haas  plots.  The  double  barrier  structure  described 
by  Horikoshi  et  al.  [4]  containing  a  doped  quan¬ 


tum  well  had  barriers  of  different  Al  content  and 
hence  barrier  height  in  order  to  preclude  a  bound 
electron  energy  level  and  therefore  remove  parallel 
conduction.  In  this  work  we  have  both  barriers  of 
AlAs  because  it  was  found  that  parallel  conduc¬ 
tion  occured  in  the  Ald  jGa,,  jAs  upper  barrier  if 
the  thickness  of  the  AlAs  barrier  nearer  the  2DEG 
was  increased  from  20  to  40  nm.  By  using  this 
combination  of  Al(i2Gay7As  well  and  AlAs  bar¬ 
rier  the  lowest  electron  energy  levels  in  the  well 
are  above  the  X-band  in  the  barrier  [5].  The  silicon 
donor  binding  energy  in  AlAs  is  about  57  meV 
and  any  conduction  in  these  layers  will  freeze  out 
at  low  temperature  [6].  We  believe  that  parallel 
conduction  is  absent  in  these  samples,  confirmed 
by  the  appearance  of  zeroes  in  the  Shubnikov-De 
Haas  data,  because  the  electronic  energy  levels  in 
the  doped  quantum  well  lie  above  the  Fermi  level 
for  the  2DEG.  Carriers  reach  the  2DEG  from  the 
quantum  well  by  thermionic  excitation  at  room 
temperature  and  additionally  by  photoexcitation 
at  low  temperatures.  Parallel  conduction  is 
eliminated  at  higher  sheet  carrier  concentrations 
by  using  an  Al,,  ,Ga,i7As  instead  of  a  GaAs  well, 
as  the  electron  energy  levels  in  the  well  are  raised. 
This  is  demonstrated  by  comparing  A381,  which 
had  an  Al„,Gaii7A.s  well,  with  A382.  which  was 
identical  except  that  it  had  a  GaAs  well.  The 
sample  had  mobility  and  sheet  carrier  concentra¬ 
tions  of  1.35x10"  cm-  V“'  s"'  at  3.4  x  lo" 
cm  '  -  in  the  dark  and  1 .52  X  10"  cm"  V  '  s  ’  at 
3.6  X  10”  cm  -  after  illumination  but  then  showed 
.signs  of  parallel  conduction. 

Planar  doping  was  used  for  two  rea.sons:  Firstly, 
planar  doping  is  by  definition  the  method  of  in¬ 
troducing  dopant  atoms  in  the  minimum  epilayer 
thickness  and  secondly,  the  number  of  free  car¬ 
riers  generated  per  dopant  atom  is  maximised, 
allowing  the  lowest  doping  levels  to  be  used.  Al¬ 
though  the  layers  are  de.scribed  as  planar  doped, 
work  by  Harris  et  al.  [7]  and  Shayegan  and  co¬ 
workers  [8]  has  shown  that  at  the  .substrate  tem¬ 
peratures  used  here  of  between  870  and  910  K.  the 
Si  may  be  spread  over  a  depth  comparable  with 
the  thickness  of  the  AlAs  barriers  and  this  may 
make  the  sheet  carrier  concentration  and  mobility 
a  function  of  the  time  elapsed  between  the  deposi¬ 
tion  of  the  Si  and  the  ces.sation  of  growth.  This 
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suggests  that  the  highest  mobilities  possible  for 
such  structures  have  not  yet  been  achieved.  Fur¬ 
ther  work,  including  reduction  of  the  growth  tem¬ 
perature,  is  underway  to  optimise  this  part  of  the 
structure. 


4.  Conclusions 

A  series  of  GaA.s/AlAs  heterostructures  with 
silicon  planar  doping  have  been  grown  by  MBE  in 
which  a  2DEG  is  formed  at  a  distance  as  small  as 
15  nm  from  the  crystalline  surface.  Electrical  mea¬ 
surements  made  on  two  of  these  .structures  are 
described  and  it  is  shown  that  their  quality  is 
sufficient  to  allow  the  fabrication  of  ultrasmall 
Schottks  gated  structures  for  low-dimensional 
physics  experiments,  for  example  electron  inter¬ 
ference  from  edges  sharp  compared  to  the  electron 
Fermi  wavelength. 
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Anisotropy  in  electronic  transport  of  modulation  doped  structures 
having  strained  InGaAs  wells 
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We  have  investigated  electron  mobilities  of  modulation  doped  structures  grown  by  molecular  beam  epitaxy  having  strained 
InGaAs  wells,  and  have  found  that  there  exists  a  strong  anisotropy  in  (Oil)  directions.  The  anisotropy  may  be  conveniently 
characterized  by  the  ratio  of  the  mobilities  in  the  two  orthogonal  directions:  this  ratio  varies  with  well  thickness,  becoming 
significantly  greater  but  less  predictable  as  the  well  thickness  exceeds  the  critical  thickness  for  dislocation  formation.  Although  most 
v)f  our  data  are  applicable  to  growths  on  the  (100)  crystal  face,  we  also  demonstrated  that  there  is  no  dependence  on  slight  wafer 
misonentation.  We  interpret  our  results  as  implying  that  some  small  number  of  dislocations  is  generated  at  the  onset  of  InGaAs 
growth  with  larger  numbers  as  the  critical  thickness  is  passed.  Our  results  have  obvious  implications  for  device  optimization. 


InGaAs  is  an  important  Ill-V  semiconductor, 
having  a  narrower  band-gap  and  higher  electron 
mobility  and  saturated  velocity  than  GaAs,  These 
properties  are  desirable  for  modulation-doped  field 
effect  transistors  (MODFETs)  where  the  lower 
band-gap  leads  to  a  larger  conduction  band  dis¬ 
continuity  resulting  in  more  charge  transfer  to  the 
conducting  channel,  while  the  higher  saturated 
velocity  and  mobility  permit  higher  speed  devices. 
Unfortunately  the  requirements  of  lattice  match¬ 
ing  present  difficulties  in  the  incorporation  of 
InGaAs  into  device  structures.  Unlike  AlGaAs, 
which  is  e.ssentially  lattice  matched  to  GaAs  over 
the  entire  compositional  range,  there  exists  an 
approximately  1%  lattice  constant  difference  be¬ 
tween  InAs  and  GaAs.  One  way  in  which  InGaAs 
can  be  exploited  for  GaAs  based  MODFETs  is 
the  “  pseudomorphic”  MODFET  (1-3).  where  only 
a  very  thin  (typically  -  150  A  of  Ino  isGaosjAs) 
layer  is  utilized.  Provided  the  layer  thickness  is 
sufficiently  small,  i.e.  below  the  Matthews- 
Blakeslee  limit  [4]  or  critical  thicknes.s,  it  is  en¬ 
ergetically  favorable  for  the  entire  InGaAs  layer 
to  deform  as  a  strained  layer  rather  than  form 
dislocations. 

In  this  study  we  have  investigated  electron 
transport  properties  of  pseudomorphic  MODFET 


structures  as  the  InGaAs  layer  thickness  is  sys¬ 
tematically  varied  through  a  range  of  values  above 
and  below  the  critical  thickness.  Layers  were  de¬ 
posited  by  molecular  beam  epitaxy  (MBE)  in  a 
Varian  GEN  II  system  on  (100)  oriented  GaAs. 
Both  double  and  single  heterojunction  (DH  and 
SH,  respectively)  structures  were  grown  at  a  variety 
of  growth  temperatures.  Although  outside  the  use¬ 
ful  range  of  our  pyrometer  (Minolta  52C),  such 
data  obtained  at  higher  temperatures  were  used  to 
calibrate  the  thermocouple;  the  best  linear  fit  was 
extrapolated  to  lower  temperatures  so  that  ther¬ 
mocouple  readings  could  be  converted  to  pyrome¬ 
ter-based  values  which  are  quoted  here.  Hall  bar 
samples  were  prepared  in  which  conduction  oc¬ 
curred  along  definite  crystallographic  directions. 
To  be  specific,  we  note  that  for  the  wafers  used  in 
this  work  the  primary  flat  is  located  on  the  (011) 
plane  below'  the  (lll)As  face  (SEMI  flats).  The 
wafer  referred  to  its  crystallographic  orientation  is 
shown  in  fig.  1.  We  shall  refer  to  electron  trans¬ 
port  perpendicular  to  the  primary  flat  as  the  “V" 
direction  since  it  is  parallel  to  the  V-groove  etch 
direction  produced,  e.g.  by  ammonia/peroxide 
etches,  and  transport  parallel  to  the  primary  flat 
the  “P"  direction.  We  also  grew  on  deliberately 
misoriented  substrates:  (a)  tilted  2°  >(111)A,  i.e. 


0022-0248/91 /$03.50  «  1991  -  Elsevier  Science  Publishers  B.V.  (North-Holland) 


310 


C  .  W  ehhefai  ■  Anisturopv  in  clecinmu  irampt^rt  of  mnihilatufn  iit)ped  strmiures 


Ktg.  1 ,  The  wafer  i>  referred  to  it>  ervstallographic  orientation 
and  the  ”  \'"  and  '‘P’’  directions  are  defined. 

towards  the  secondarv  flat,  (b)  2°  and 

(c)  2°  >(110).  In  crv.stallographic  terms,  the  first 
two  eases  are  titled  in  orthogonal  directions  while 
the  case  (c)  tilt  direction  is  midway  between.  In 
practical  terms  case  (b)  was  generated  by  polish¬ 
ing  the  reverse  face  of  the  same  wafers  as  in  (a), 
resulting,  in  this  case  only,  in  EJ  standard  flats 
with  the  “V"  direction  perpendicular  to  the  sec¬ 
ondary  flat. 

Hall  measurements  were  obtained  in  the  V  and 
P  directions  at  .^00  and  77  K  for  approximately  75 


Table  1 

Measured  values  of  electron  mobility  for  a  small  representative 
sampling  of  runs:  these  runs  were  made  on  a  single  day  with 
fixed  growth  conditions  and  the  well  thickness  as  a  parameter; 
earner  sheet  densities  showed  little  variation  being  generally 
-  1.4x  10'- 


Run 

No. 

Well 

(A) 

fi  at  300  K 
(cm-'/Vs) 

al  77  K 
fvmVV  ■  s) 

H  Ratio 
at  77K. 
V/P 

V 

P 

V 

P 

TH369 

120 

7360 

7070 

35200 

29800 

1. 18 

TH366 

150 

7270 

7060 

.34700 

.30200 

I  15 

TH368 

200 

7100 

5930 

24800 

14.300 

1.74 

TH367 

250 

6600 

6750 

16800 

23900 

0.70 

TH370 

.300 

6500 

51.30 

24300 

14900 

1.63 

Fig.  2.  The  ratio  of  electron  mobility  in  the  V  P  directions  is 
plotted  as  a  function  of  InCiaAs  well  thickness  for  single 
heterojunclion  layers  grown  under  the  same  growth  conditions 
at  5:3° C 


runs  in  all.  Table  1  shows  a  repre.sentalive  sam¬ 
pling  of  data  for  fixed  growth  conditions  with  the 
well  thickness  as  a  parameter;  these  data  refer  to 
runs  made  on  a  single  day.  The  electron  mobilities 
exhibit  marked  anisotropy  particularly  at  77  K 
and  the  discu.ssion  that  follows  considers  only  this 
measurement  temperature.  The  anisotropy  is  most 
conveniently  seen  by  plotting  the  ratio  of  mobili¬ 
ties  in  the  V  and  P  directions.  Fig.  2  shows  this 
ratio,  as  a  function  of  well  thickness,  for  all  those 
samples  which  were  grown  on  (100)  oriented 
wafers  at  a  nominal  substrate  temperature  of 
52.7° C  and  having  the  SH  structure.  These  data, 
which  include  those  of  table  1.  are  chosen  as  the 
largest  group  with  fixed  growth  conditions,  and 
are  representative  of  the  trends  .seen  in  all  the 
data.  The  ratio,  which  has  the  V  direction  mobility 
in  the  numerator,  is  mostly  greater  than  unity- 
indicating  the  V  direction  to  be  the  preferred  one 
for  electron  transport.  For  well  thicknes.ses  above 
the  critical  thickness,  which  for  the  15%  InGaAs 
u.sed  here  is  approximately  200  A,  the  ratio  de¬ 
viates  from  unity  more  than  for  the  thinner  wells, 
and  further  there  are  several  cases  where  the  P 
direction  is  preferred,  giving  fig.  2  its  double- 
branched  appearance.  However,  the  P  direction  is 
only  preferred  at  values  of  well  width  greater  than 
or  equal  to  the  critical  thickness.  The  .sheet  carrier 
densities  are  generally  very  close  for  a  given  sam- 
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Fig.  3.  The  ratio  of  electron  mobility  of  the  V/P  directions  is 
plotted  as  a  function  of  substrate  temperature.  In  this  case  all 
growths  which  have  single  heterojunctions  on  <100)  orienta¬ 
tions  are  included. 

pie  as  would  be  expected  and  fig.  2  is  not  substan¬ 
tially  modified  if  sheet  resistance  ratios  are  used 
instead  of  mobility  ratios. 

The  existence  of  several  cases  where  the  mobil¬ 
ity  is  enhanced  in  the  P  direction  was  initially 
surprising.  We  considered  the  possibility  that  small 
differences  in  substrate  orientation  could  in¬ 
fluence  the  mobility  outcome,  and  in  order  to  test 
this  hypothesis  we  grew  on  differently  oriented 
substrates  as  described  above.  Without  exception, 
all  of  the  mobility  ratios  were  found  to  be  greater 
than  unity  indicating  no  orientation  dependence. 
In  fig.  3  we  show  all  SH  data  for  (100)  orienta¬ 
tions.  plotting  the  mobility  ratio  against  the  sub¬ 
strate  temperature  during  growth.  Although  there 
are  more  layers  grown  at  523°  C  than  at  the  other 
temperatures  employed,  there  is  a  suggestion  that 
growth  temperature  may  be  involved  in  the  rever¬ 
sal  of  the  preferred  direction. 

The  ani.sotropy  can  only  be  understood  in  terms 
of  crystal  defects,  and  in  view  of  the  relationship 
which  we  observe  with  the  critical  thickness,  we 
believe  that  the  defects  in  question  are  disloca¬ 
tions.  If  there  are  more  dislocations  running  paral¬ 
lel  to  one  of  the  two  (Oil)  directions  then  it 
would  be  expected  that  electron  transport  would 
be  better  when  parallel  to  the  majority  of  disloca¬ 
tions.  In  discussing  these  results,  we  need  to  con¬ 
sider  the  basic  proce.sses  involved  in  lattice  mis¬ 
matched  growth.  In  view,  however,  of  symmetry 
we  might  expect  both  that  dislocations  would  form 


equally  in  both  orthogonal  (01 1 )  directions  and 
that  this  would  be  required  to  completely  relieve 
the  strain  In  accordance  with  the  Matthews- 
Blakeslee  model,  initial  deposition  of  InGaAs  on 
GaAs  should  occur  with  perfect  registry  over  the 
2D  plane  of  the  substrate  surface.  In  the  absence 
of  dislocations  the  deposited  layer  would  take  the 
substrate  lattice  constant  in  the  plane  parallel  to 
the  surface  but  there  is  no  restriction  perpendicu¬ 
lar  to  the  plane  and  in  that  direction  the  lattice 
constant  should  expand  relative  to  the  InGaAs 
bulk  in  order  to  reduce  the  strain  energy.  When  a 
dislocation  -  which  is  by  definition  a  line  defect  - 
forms  to  reduce  the  strain  energy  further,  it  may 
do  so  most  effectively  if  it  is  parallel  to  the  surface. 
The  effect  of  a  single  edge  dislocation  is  to  relax 
the  strain  in  a  second  direction  and  at  least  locally 
near  the  dislocation  there  may  again  be  some 
expansion  of  the  lattice  constant  in  this  case  per¬ 
pendicular  to  the  line  defect  or  parallel  to  the 
Burgers  vector,  further  reducing  the  strain  energy. 
The  point  is  to  demonstrate  that  despite  symmetry 
considerations,  dislocations  along  a  single  direc¬ 
tion  may  effectively  reduce  the  strain  energy  of 
the  whole  layer.  We  .should  expect  this  argument 
to  be  le.ss  applicable  for  layers  many  times  the 
critical  thickness,  but  that  is  not  the  case  here.  In 
fact  during  the  growth,  the  symmetry-  is  in  general 
broken  by  surface  reconstruction  as  observed  by 
RHEED.  so  that  a  mechanism  by  which  di.sloca- 
tions  may  form  preferentially  in  a  particular  direc¬ 
tion  is  quite  possible. 

At  the  growth  temperatures  involved  here  the 
surface  reconstruction  in  the  absence  of  a  group 
III  flux  is  the  As-rich  c(4  X  4).  but  changes  to  a 
somewhat  “fuzzy"  (2  X  4)  (i.e.  still  As  stable)  with 
a  group  III  flux.  We  interpret  our  results  as  imply¬ 
ing  that  this  reconstruction  determines  the  the 
most  frequently  observed  directional  preference 
for  the  electron  mobility.  We  suggest  that  below 
the  critical  thickness  .some  small  number  of  dislo¬ 
cations  is  generated  all  parallel  to  one  another, 
and  since  the  (2  X  4)  reconstruction  is  lost  im¬ 
mediately  with  the  initiation  of  an  In  flux,  we 
further  suggest  that  they  are  es.sentially  all  gener¬ 
ated  near  the  onset  of  InGaAs  growth.  This  is 
consistent  with  the  fact  that  the  ratio  of  electron 
mobilities  for  the  two  orthogonal  directions  is  not 
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particularly  dependent  on  the  well  thickness  when 
below  the  critical  value.  It  is  also  consistent  with 
calculations  of  Ghaisas  and  Madhukar  [5]  based 
upon  a  kinetic  approach  called  the  “configuration- 
dependent  reactive  incorporation”  model.  They 
suggest  that  strain  will  result  in  the  formation  of 
dislocations  at  the  earliest  stages  of  growth  -  the 
first  monolayer  in  the  case  of  2D  growth  -  in 
numbers  controlled  by  the  growth  kinetics.  Our 
results  further  suggest  that,  near  the  critical  thick¬ 
ness,  dislocations  are  generated  spontaneously  in 
greater  numbers,  and  it  is  apparent  from  these 
results  that  they  tend  to  be  aligned  to  one  another 
but  not  necessarily  to  those  formed  below  the 
critical  thickness.  We  do  not  at  present  under¬ 
stand  what  determines  the  direction  chosen  by  the 
dislocations  above  the  critical  thickness,  though  as 
indicated  by  fig.  3  the  growth  temperature  may 
play  a  role. 

In  summary,  we  have  observed  anisotropy  in 
the  electron  mobilities  of  pseudomorphic  MOD- 
FET  structures  in  orthogonal  (Oil)  directions  for 


layers  grown  on  GaAs{100).  In  general  the  ani¬ 
sotropy  is  such  as  to  give  higher  mobilities  in  the 
“V”  direction,  but  for  well  thicknesses  which  ex¬ 
ceed  the  critical  thickness,  the  anisotropy  becomes 
larger  and  the  preferred  direction  is  less  predict¬ 
able.  We  have  shown  that  the  effect  is  not  related 
to  crystal  misorientation. 
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We  report  on  the  lattiee-mismatehed  growth  and  properties  of  InGaAs/lnAIAs  modulation-doped  heierostructures  on  GaAs 
substrates  for  a  full  In  composition  range,  by  molecular  beam  epitaxy  using  a  linearly  graded  InGaAs  or  InGaAlAs  buffer  layer 
grown  at  a  relatively  low  temperature  High  electron  mobilities  of  25.000  to  118.000  cmVV  s  were  obtained  at  77  K  for  In 
composition  from  0.3  to  0.8.  The  observed  monotonical  increase  of  mobility  in  this  In  composition  range  agreed  well  with  the 
theoretical  calculation.  It  has  been  shown  that  the  use  of  wider  bandgap  material,  such  as  InGaAlAs.  in  the  graded  buffer  layer  is 
very  effective  in  reducing  the  residual  carrier  concentration  from  1  X  lO'"  to  less  than  1  X  10"  cm  “  ’. 


1.  Introduction 

The  lattice-mismatched  growth  of  InGaAs/ 
InAlAs  heterostructures  on  GaAs  substrates  has 
attracted  much  attention,  not  only  because  it  will 
improve  the  performance  of  GaAs-based  devices, 
but  also  because  it  will  expand  the  freedom  in  the 
choice  of  In  composition.  Although  the  feasibility 
of  InGaAs/ InAlAs  HBTs  and  MODFETs  on 
GaAs  substrates  has  been  demonstrated  [1.2],  the 
problem  of  the  lattice  mismatch  between  epilayers 
and  the  substrate  was  still  left  unsolved.  We  have 
previously  shown  that  the  use  of  a  compositionally 
graded  InGaAs  buffer  layer  grown  at  a  relatively 
low  temperature  of  about  400  °C  greatly  improves 
the  electron  mobility  in  such  a  lattice  mismatched 
system  [3,4]. 

In  this  paper,  we  first  describe  the  successful 
growth  of  InGaAs/  InAlAs  modulation-doped 
heterostructures  for  a  full  In  composition  range  by 
using  this  growth  technology.  Then,  the  experi¬ 
mental  dependence  of  electron  mobility  in  the.se 
heterostructures  on  In  composition  has  been 
analyzed  and  compared  with  that  obtained  by  the 
theoretical  calculation.  Finally,  we  describe  the 
effect  of  the  buffer  layer  structure  on  the  residual 
carrier  distribution,  which  is  important  for  the 


device  fabrication,  and  report  some  preliminary 
results  on  the  MODFETs  fabricated  on  these 
lattice-mismatched  structures. 


2.  Layer  structure 

A  schematic  cross  section  of  the  modulation- 
doped  InGaAs/lnAIAs  heterosiructure  on  GaAs 
is  shown  in  fig.  1.  The  growth  was  performed  by 
solid  source  MBE  on  (001)  semi-insulating  GaAs 


Tsub  :  4H()  -  500 

Si  doped  ln,  Alt.*'As  300  A 

Undwped  In;,  Al(.^  A.s  30  A 

L'lidoped  In^Cia]  j(As  1000  A 

Undoped  In^  Ali.^  As  2000  A 

' 

Tsub : 050  400  X’ 

(iraded  InyGai.yAs  (y;  0-*xi 

or 

Graded  lnv<Cia,Al|.,lj.yAs 
ly;  0  -•x',  z;  l-»0  i 

Tsub ;  580 

Undoped  (laAs  2000  A 

.Seini-lnsulating  GaAs 

Substrnle 

Fig.  1.  Schematic  cro.s,s  .section  of  InGaAs/lnAIAs  modula¬ 
tion-doped  heterosiructure  grown  on  a  CiaAs  substrate. 
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substrates.  The  growth  of  the  structure  was  ini¬ 
tiated  with  a  2000  A  thick  GaAs  layer  at  about 
580  °C.  Then,  an  In,Ga|_,As  or  In,(Ga, 
Al,  .),  ,As  with  a  linearly  graded  In  composi¬ 
tion  ( y)  from  0.02  to  the  desired  value  (x  or  x') 
was  grown  at  a  temperature  of  350-400  °C.  The 
In  composition  gradient  was  fixed  to  about 
50T/;im.  The  growth  was  then  interrupted  for 
several  minutes  and  the  substrate  temperature  was 
raised  to  480-500  °C.  After  that,  a  2000  A  thick 
In,  Al|  ,  As  layer  was  grown  to  separate  the 
active  layers  from  the  former  buffer  layer.  These 
active  layers  consist  of  a  1000  A  thick  undoped 
In^Ga,  ^As  channel  layer,  a  30  A  thick  undoped 
In,  Al|  ,,  As  spacer  layer  and  a  300  A  thick 
In,  Al|.  ,'As  donor  layer  doped  with  Si  to  2  X 
lO'**  cm  '.  The  layers  on  top  of  the  graded  buffer 
layer  were  lattice-matched  to  each  other  except  for 
the  case  of  high  In  composition  of  more  than  80'?. 
where  the  conduction-band  discontinuity  between 
InGaAs  and  InAIAs  becomes  quite  small.  In  such 
a  ca.se.  a  pseudomorphic  InAIAs  spacer  and  donor 
layers  were  used  {ln,i7Al,i  ,As  for  v  =  0.8  and 
In,, sAl.i^.^s  for  .V  =  1.0). 

3.  Electron  mobility 

Fig.  2  shows  electron  mobilities  measured  a 
3(K)  and  77  K  and  sheet  electron  concentration 
(  \. )  at  77  K  as  a  function  of  In  composition  in 
the  InGaAs  channel  layer.  In  the  figure,  the  data 
obtained  from  similar  heterostructures  grown 
lattice-mi.smatched  on  InP  substrates  are  also 
plotted,  for  which  a  graded  In.AI,  ,  As  buffer 
layer  was  used.  As  a  general  tendency,  the  electron 
mobility  at  .300  K  is  .seen  to  monolonically  in¬ 
crease  with  the  increase  of  In  composition,  from 
7(MKJ  cmy/V  s  at  v  =  0.2.  10.500  cm'/V  ■  s  at 
V  =0.53  to  20.000  cm'/V  •  s  at  v  =  1,0.  On  the 
other  hand,  at  77  K.  the  mobilitv  showed  its 
minimum  value  at  .v  about  0.3  and  increased 
almost  monotonically  with  the  increase  of  In  com¬ 
position:  from  25,000  cm*/V  •  s  at  v  =  0.3.  51,000 
cm‘/V  •  s  at  -v  =  0.53  to  1 18,000  cm’/V  •  s  at  v  = 
0.8.  These  high  mobility  values  indicate  that  the 
dislocations  created  to  relieve  the  strain  accu¬ 
mulated  in  the  graded  buffer  layer  are  efficiently 


I.NDif.M  CO.MPOSITIO.S 

Fig  2.  Fleciron  ninbililv  and  concentration  (  '. )  as  a  function 
of  In  composition  P.Vtl  and  PM2  indicate  the  samples  with 
pseudomorphic  In.-M.As  spacer  and  donor  layers. 

confined  in  this  layer  and  the  propagation  of 
threading  dislocations  to  the  active  layer  is  well 
suppressed  in  these  heterostructures.  as  revealed 
by  TEM  observation  reported  previously  [4]. 

In  order  to  confirm  the  validity  of  these  depen¬ 
dences  of  electron  mobility  on  the  In  composition, 
a  theoretical  calculation  has  been  performed  as¬ 
suming  a  single-subband  transport  and  using  the 
Stern-Howard  variational  wave  function  [5].  For 
the  total  mobility  and  that  limited  by  polar  optical 
phonon  .scattering  (PO).  we  have  used  the  iteration 
methtxl  developed  by  Nag  [6].  The  calculated  re¬ 
sults  at  77  K  with  iV.  =  1  x  10'-  cm  "  is  shown  in 
fig.  3.  From  this  figure,  the  In  composition  depen¬ 
dence  of  electron  mobility  is  mostly  determined 
by  alloy-scattering-limited  mobility  (AL)  and  at 
about  .v  =  0.3.  the  mobility  takes  the  minimum 
value.  The  solid  circles  in  the  figure  indicate  the 
highe.st  mobility  obtained  in  the  experiment  for 
each  In  composition.  The  agreement  between  the 
experimental  results  and  the  calculated  ones  is 
excellent  in  spite  of  the  difference  in  A.  value 
between  experiment  and  calculation.  Anyway,  this 
result  al.so  supports  the  good  crystallinity  of  the 
active  layer  in  our  heterostructures. 

It  should  be  noted  that  if  we  look  at  fig.  2 
carefully,  the  mobility  value  for  .v  >  0.5  tends  to 
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INDIUM  COMPOSITION 

Fig.  ?.  Calculated  77  K  mobility  as  a  function  of  In  composi¬ 
tion  in  the  channel  layer.  Each  symbol  represents  electron 
mobility  limited  by  polar-optical  phonon  scattering  (PO).  alloy 
scattering  (AL).  ionized  impurity  scattering  (11)  acoustic-pho¬ 
non  deformation  potenttal  scattering  (DP)  and  acoustic-pho¬ 
non  piezoelectric  scattering  (PZ). 

saturate  and  the  structures  on  InP  or  those  with 
pseudomorphic  InAlAs  spacer  and  donor  layers 
show  higher  values  than  the  standard  sample.s  on 
GaAs  substrates.  The  cause  for  such  differences  is 
not  clear  at  present,  but  the  contribution  of  paral¬ 
lel  conduction  in  the  donor  layer  or  in  the  thick 
buffer  laver  is  considered  to  be  one  of  the  factors. 


4.  Residual  carrier  and  its  distribution 

When  the  MODFETs  were  fabricated  on  the 
epilayers  grown  on  graded  ln|Ga,  ,  As  buffer 


layers,  the  device  isolation  by  mesa-etching  and 
Schottky  diode  characteristics  were  found  to  be 
very  poor.  In  order  to  clarify  the  cause  for  such 
high  leakage  currents,  we  have  grown  some  un¬ 
doped  In„5,Ga„47As/  InAlAs  heterostructures 
either  on  a  graded  InGaAs  buffer  layer  (sample  B) 
or  on  a  graded  InGaAlAs  buffer  layer  (sample  D) 
and  measured  the  residual  carrier  concentration  in 
these  structures.  The  results  are  summarized  in 
table  1.  together  with  those  for  modulation-doped 
heterostructures  (samples  A  and  C).  The  residual 
carrier  concentration  in  the  undoped  structure  on 
a  graded  InGaAs  buffer  layer  was  found  to  be 
surprisingly  high,  about  1  v  lo'-  cm  *,  while  that 
on  a  graded  InGaAlAs  was  one  order  of  magni¬ 
tude  lower,  about  1  X  10"  cm  "  or  less.  The  high 
residual  carrier  concentration  in  .sample  B  is  prob¬ 
ably  due  to  the  narrower  bandgap  and/or  higher 
background  carrier  concentration  of  the  undoped 
InGaAs  graded  buffer  layer  than  those  of  the 
InGaAlAs  graded  buffer  layer. 

The  locations  of  the  residual  electron  con¬ 
centration  were  then  studied  using  a  capacitance- 
voltage  carrier  profiling  method.  Two  sample.s  were 
prepared  for  this  experiment  using  n-type  GaAs 
substrates;  one  is  an  undoped  In,, sGa,, s As/ 
InAlAs  heterostruclure  on  a  graded  InGaAs  buffer 
layer  via  a  KXK)  A  thick  InAlAs  (fig.  4a)  and  the 
other  is  a  modulation-doped  helerosiructure  on  a 
graded  InGaAlAs  buffer  layer  (fig.  4b).  As  seen  in 
fig.  4a.  for  the  undoped  helerosiructure  on  a 
graded  InGaAs  buffer  layer,  a  sharp  peak  of  elec¬ 
tron  concentration  is  located  al  the  heterointerface 
between  the  1000  .A  thick  InAlAs  and  the  graded 
InGaAs  buffer  layer,  just  like  a  two-dimensional 
electron  gas  accumulated  in  modulation-doped 


Table  1 

FJeclron  mobility  |  /x )  and  concentration  ( ,Vs)  for  mxxiulalion-dopcd  (MD)  and  undoped  ( I  )  In,,  sxOa,,4-As/InA)Ab  hcierostructures 
grown  on  graded  InGaAs  buffer  layer  or  graded  InCiaAlAs  buffer  layer 


Sample 

Buffer  layer 

St’-Mcturc 

-MX)  K 

77  K 

(em'/V-s) 

.y  (cm  ') 

11  (cm“/V-N) 

(cm  ') 

A 

(iraded  InGaAs 

MD 

10400 

1.7x10'’ 

45(XX) 

l.Xx  lo'- 

B 

U 

9000 

1.1  X  lo'- 

.t2(KX) 

9.4  X  10" 

C 

Graded  InGaAlAs 

MD 

95(H) 

2.1  X  10'- 

41000 

2.1x10'- 

15 

U 

5400 

8.6  X  10"’ 

18000 

1.1  X  10" 
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heterostructures.  This  fact  suggests  that  the  elec¬ 
trons  are  flowing  through  two  InGaAs  channels  in 
the  samples  in  fig.  2  grown  on  InGaAs  buffer 
layers.  This  also  explains  the  good  agreement  of 
the  theoretical  calculation  with  the  experiment  in 
fig.  3.  On  the  other  hand,  for  the  modulation- 
doped  heterostructure  grown  on  InGaAlAs  buffer 
layer  in  fig.  4b,  the  peak  of  residual  electron 
concentration  is  seen  inside  the  InGaAlAs  buffer 
layer,  the  amount  of  which  is  about  one  order  of 
magnitude  lower  than  that  observed  in  fig.  4a. 

The  0.5  yjim  gate  Ino.5Gao.5As/InAlAs  MOD- 
FETs  were  fabricated  using  a  heterostructure  with 
a  graded  InGaAlAs  buffer  layer  on  a  senai-insulat- 
ing  GaAs  substrate,  the  layer  structure  of  which  is 


DISTANCE  FROM  THE  SURFACE  'iiml 


Fig.  4.  Carrier  profiles  in  (a)  an  undoped  In,|,Ga„,A!i/lnAlA,s 
heleroslructure  grown  on  a  graded  In,Gai^,As  buffer  layer 
and  in  (b)  a  modulation-doped  In;, ^Ga,,, As/lnAIAs  hetero- 
structure  grown  on  a  graded  ln,(Ga,AI|  .),  As  buffer  layer. 
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Fig.  5.  (a)  Schottky  diode  and  device  isolation  characteristics 
and  (b)  drain  l-V  characteristics  for  the  fabricated  0.5  ftm 
gate  MODFET.  The  gate  width  is  80  gm. 


the  same  as  the  one  shown  in  fig.  4b.  The  device 
isolation  and  the  Schottky  diode  characteristics 
were  found  to  be  good,  as  shown  in  fig.  5a.  These 
improvements  are  probably  due  to  the  use  of 
InGaAlAs  for  the  graded  buffer  layer.  The  leakage 
current  between  two  MODFETs  about  100  jam 
apart  was  less  tlian  1  p  A  at  an  applied  voltage  of 
10  V.  Although  a  high  transconductance  of  370 
mS/mm  was  obtained,  the  pinch-off  characteris¬ 
tics  are  still  needed  to  be  improved,  as  seen  in  fig. 
5b.  We  believe  that  these  MODFET  characteris¬ 
tics  will  be  further  improved  by  optimizing  the 
layer  structure  and  reducing  the  residual  carrier 
concentration,  for  which  a  use  of  wider  bandgap 
material  such  as  InAlAs  as  a  graded  buffer  layer 
will  be  effective. 


5.  Summary 

In  summary,  we  have  successfully  grown  In¬ 
GaAs/ InAlAs  modulation-doped  heterostructures 
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lattice  mismatched  to  GaAs  substrates  for  a  full  In 
composition  range.  The  dependence  of  mobility 
on  In  composition  was  theoretically  analyzed,  and 
agreed  very  well  with  the  experimental  results.  The 
importance  of  using  wide  gap  material  for  the 
buffer  layer  has  been  pointed  out,  to  reduce  the 
residual  carrier  concentration  and  to  improve  the 
MODFET  characteristics. 


Acknowledgments 

The  authors  would  like  to  thank  Dr.  S.  Horiuchi 
and  T.  Onuma  for  their  continuous  encourage¬ 
ment  throughout  this  work. 


References 


(1)  T.  Won  S,  Agarwala  and  H.  Morko^-.  Appl.  Phys.  Letters 
53(1988)  2311. 

(2)  G.W.  Wang.  Y.K.  Chen.  W.J.  Schaff  and  L.F.  Eastman, 
IEEE  Trans.  Electron  Devices  ED-3S  (1988)  818. 

(3)  J.C.  Harmand.  T.  Malsuno  and  K,  Inoue.  Japan.  J.  Appl. 
Phys.  28(1989)  1101. 

(4)  J.C.  Harmand.  T.  Matsuno  and  K.  Inoue,  in:  Proc.  16th 
Intern.  Symp.  on  GaAs  and  Related  Compounds, 
Karuizawa.  1989.  Inst.  Phys.  Conf.  Ser.  106.  Eds.  T.  Ikoma 
and  H.  Watanabe  (Inst.  Phys..  London-Bristol.  1990)  p. 
177. 

(5)  F.  Stem  and  W.E.  Howard.  Phys.  Rev.  163  (1967)  816. 

(6)  B.R.  Nag.  J.  Phys.  C  (Solid  State  Phys.)  7  (1974)  3541. 


318 


Journal  of  Crystal  Growth  111  (1991)  318-322 
North-Holland 


The  growth  and  physics  of  high  mobility  two-dimensional  hole  gases 
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Modulation-doped  p-tspe  GaAs-AI  ,Ga,  _ ,  As  heterojunctions  have  been  grown  by  molecular  beam  epitaxy  (MBE)  on  the  (31 1  )A 
GaAs  surface  using  silicon  as  the  acceptor.  Two-dimensional  hole  gases  with  mobilities  as  high  as  570.000  cm'  V  '  s  '  at  50  mK 
have  been  obtained.  It  is  shewn  that  the  sample  mobility  is  dependent  upon  the  direction  of  orientation  of  the  fabricated  Hall  bar  on 
the  MBE  wafer  which  could  be  due  to  the  anisotropic  nature  of  the  Eermi  surface  in  p-type  systems.  Expenmental  results  on  the 
fractional  quantum  Hall  effect  (FQHE)  in  these  high  mobility  hole  gases  are  also  presented. 


I.  Introduction 

The  majority  of  experimental  work  on  GaAs- 
Al,Ga|  ,As  heterojunctions  grown  by  MBE  has 
been  performed  upon  n-type  material.  The  proper¬ 
ties  of  p-type  heterojunctions  have  been  neglected 
mainly  becau.se  their  quality  has  generally  been 
much  poorer  than  that  of  n-type  systems.  Most 
MBE  growth  takes  place  on  the  (100)  GaAs  surface 
and  beryllium  is  traditionally  used  as  an  acceptor. 
It  has  been  reported,  however,  that  high  quality 
epitaxial  growth  can  take  place  on  the  (311)A 
GaAs  surface  as  confirmed  by  low  temperature 
photoluminescence  studies  for  bulk  GaAs  (I)  and 
for  single  quantum  wells  [2].  Furthermore,  it  has 
been  shown  that  silicon  is  an  acceptor  for  growth 
on  this  surface  and  very  high  mobility  material 
can  be  achieved  [1..3].  This  paper  reports  the 
growth  of  such  p-type  heterojunctions  having  mo¬ 
bilities  as  high  as  570.0(X)  cm'  V  '  s  '  at  50  mK. 
The  highest  quality  samples  have  been  used  to 
investigate  the  FQHE  [4]. 

The  larger  heterojunction  mobility  resulting 
from  this  method  of  growth  has  been  attributed  to 
the  reduced  carbon  and  sulphur  impurity  incorpo¬ 
ration  onto  the  (311  )A  surface  during  MBE  growth 

*  .Also  at  GEC  Hirst  Research  Centre.  Elast  Lane.  Wembley 
HA9  7PP,  UK. 


(3].  Silicon  MBE  sources  are  intrinsically  more 
pure  than  beryllium  sources  and  furthermore, 
silicon  does  not  have  the  tendency  to  diffuse  dur¬ 
ing  growth  as  much  as  beryllium.  The  use  of 
silicon  as  a  p-type  dopant  also  eliminates  the 
po.s.sibility  of  beryllium  contamination  of  subse¬ 
quent  n-type  wafers  grown  in  the  same  MBE 
chamber. 


2.  Sample  growth  and  characterisation 

A  series  of  p-type  structures  was  grown  on 
(31  DA  GaAs  substrates  in  a  solid-.source  VG 
Semicon  V80H  MBE  machine  with  substrate  tem¬ 
peratures  between  630  and  680  °  C  as  measured  by 
an  Ircon  infra-red  pyrometer  during  the  GaAs 
buffer  growth.  A  silicon  cell  temperature  of 
1083°  C  gave  an  n-type  carrier  concentration  of 
1.7  X  lO"*  cm  '  in  bulk  GaAs  grown  on  (100) 
wafers  at  1  /im/h  which  doubled  when  the  tem¬ 
perature  was  increased  by  20  °C.  A  Keithley  elec¬ 
trometer  connected  to  the  collector  of  a  nude  ion 
gauge  mounted  on  the  back  of  the  substrate 
manipulator  was  used  to  monitor  the  beam  flux. 
Both  “D”  shaped  chromium-doped  horizontal 
Bridgman  substrates  with  a  two  inch  major  axis 
and  circular  undoped  two  inch  EEC  substrates 
were  used  and  were  mounted  in  indium-free 
holders  of  proprietary  de.sign.  Each  wafer  con- 
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tained  a  GaAs  buffer,  an  Al^Ga,_^As  undoped 
spacer  layer,  a  40  nm  silicon-doped  Al,Ga,_^As 
layer  and  finally  a  10  nm  GaAs  capping  layer. 
Wafers  were  grown  at  growth  rates  of  both  1  and 
2  /im/h.  The  aluminium  fraction,  jc,  was  usually 
0.3  but  four  wafers  were  grown  with  x  =  0.5. 
Some  wafers  also  contained  a  superlattice  buffer 
consisting  of  20  X  (2.5  nm  AlAs  -I-  2.5  nm  GaAs) 
layers  situated  1  iim  below  the  heterointerface. 
This  structure  leads  to  the  formation  of  a  two-di¬ 
mensional  hole  gas  in  the  GaAs  buffer  just  below 
the  undoped  Al,Ga,  _ As  spacer  layer. 

The  epitaxial  layers  were  processed  into  Hall 
bar  geometries  by  means  of  conventional  photo¬ 
lithography  and  wet-etching  techniques,  h  was 
noted,  however,  that  our  standard  mesa  etch  of 
H.SO^  :  H,0, :  HjO  (1:8:80  by  volume)  had  a 
reduced  etch-rate  for  the  (311)A  samples  com¬ 
pared  with  those  on  the  more  usual  (100)  sub¬ 
strate.  Both  InZn  alloy  contacts  annealed  at  350  °C 
and  evaporated  AuZnAu  ohmic  contacts  annealed 
at  435  °C  were  employed  depending  upon  the  size 
of  the  Hall  bar  contact  pads,  the  smaller  Hall  bars 
having  the  evaporated  contacts.  Electrical  trans¬ 
port  measurements  were  performed  using  conven¬ 
tional  low-frequency  AC  lock-in  techniques. 

3.  Results  and  discussion 

Fig.  1  shows  the  variation  of  sheet  carrier  den¬ 
sity  with  spacer  thickness  for  the  p-type  wafers.  A 


fiO-  1  60 


0  20  40  60  SO 

Spacer  Him) 


Fig.  1.  The  variation  of  sheet  carrier  density  with  spacer  layer 
thickness  for  twenty  four  p-type  GaAs-Al^Cia,  ,As  helero- 
junctions. 


systematic  and  reproducible  variation  can  be  seen, 
with  the  sheet  carrier  density  reducing  rapidly 
with  increased  spacer  thickness  in  a  similar  way  to 
that  reported  for  n-type  samples  [5].  The  mobility 
was  not  a  simple  function  of  spacer  thickness  and 
a  peak  value  of  about  250,000  cm^  V“'  s  '  at  4.2 
K  was  attainable  for  all  spacer  thicknesses  be¬ 
tween  10  nm  and  40  nm.  It  has  been  reported  for 
n-type  heterostructures  that  the  mobility  of 
successive  nominally  identical  wafers  tends  to  in¬ 
crease  slowly  following  a  reload  of  the  cells  [5.6]. 
This  may  explain  the  scatter  in  the  mobility  data 
and  suggests  that  accurate  conclusions  concerning 
the  dependence  of  mobility  on  growth  parameters 
may  only  be  drawn  from  the  properties  of  samples 
grown  in  close  succession. 

Wafers  A326,  A327  and  A328  each  contained 
40  nm  spacer  layers  and  were  grown  at  a  rate  of  2 
/im/h  with  an  As/Ga  ratio  of  7.5.  an  aluminium 
fraction  .v  =  0.3  and  a  substrate  temperature  of 
640  °C  but  with  silicon-cell  temperatures  of  1083. 
1103  and  1063°C.  respectively.  Wafers  A326  and 
A327  had  very  similar  carrier  densities  (n  =  1  X 
lO"  cm"')  and  mobilities  (ju=  180.0(X)  cm'  V"' 
s“')  at  4.2  K  but  wafer  A328.  grown  with  the 
lowest  silicon-cell  temperature,  had  a  factor  of  two 
decrease  in  the  carrier  density  and  an  order  of 
magnitude  reduction  in  the  mobility.  These  results 
indicate  that  although  the  carrier  density  increases 
with  increasing  .silicon  flux  there  is  a  saturation  of 
carrier  densities  for  high  silicon  flux. 

Wafers  A165  and  A188  were  grown  during  the 
same  growth-run  and  each  contained  a  40  nm 
spacer  layer  and  had  an  aluminium  fraction  .v  = 
0.5.  These  wafers  were  grown  at  a  rate  of  1  gm/h 
with  a  silicon-cell  temperature  of  1083° C  and  a 
substrate  temperature  of  650  °C.  Sample  A165 
was  grown  with  an  As/Ga  ratio  of  5.7  and  had  a 
resulting  carrier  density  of  1.5  x  10"  cm  '  and  a 
mobility  of  180.000  cm'  V  '  s  '  at  4.2  K.  Sample 
A188.  however,  was  grown  with  an  As/Ga  ratio 
of  only  4.9  and  this  wafer  was  found  to  be  highly 
resistive  at  4.2  K. 

The  mobility  of  the  best  .samples  was  found  to 
continue  to  increase  as  the  temperature  was  re¬ 
duced  below  4.2  K.  For  example,  .samples 
processed  from  wafer  A 198  had  an  average  mobil¬ 
ity  of  around  540.000  cm'  V  '  s  '  at  50  mK 
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Fig.  2.  A  schematic  diagram  of  MBE  wafer  A184  showing  the 
positions  and  orientations  of  the  eight  Hall  bars.  The  table 
gives  the  mobilities  and  carrier  densities  of  the  eight  Hall  bars 
at  4.2  K. 


which  was  twice  the  4.2  K  mobility.  The  carrier 
concentration  of  this  wafer  was  1.2x10" 
which  did  not  change  appreciably  over  this  tem¬ 
perature  range. 

Due  to  the  anisotropic  nature  of  the  Fermi 
surface  in  p-type  material,  the  magnitude  of  the 
Fermi  wave  vector  is  directionally  dependent  [7]. 
It  is  possible,  therefore,  that  the  mobility  of  p-type 
devices  will  depend  upon  the  direction  of  current 
flow  since  carriers  with  a  large  wave  vector  are  less 
susceptible  to  ionised  impurity  scattering.  In  order 
to  investigate  this,  eight  Hall  bars  were  processed 
in  different  orientations  on  MBE  wafer  A184  and 
the  mobility  and  carrier  density  of  these  devices 
was  obtained  at  4.2  K.  A  schematic  diagram  show¬ 
ing  the  positions  of  the  eight  Hall  bars  on  the  “D” 
shaped  wafer  is  given  in  fig.  2  together  with  the 
resulting  mobilities  and  carrier  densities.  It  can  be 
seen  that  there  was  a  large  variation  in  the  mobil¬ 
ity  with  Hall  bar  orientation,  ranging  from  an 
average  of  230,000  cm^  V" ' s" '  with  the  Hall  bars 
in  the  “  vertical”  direction  to  an  average  of  170,000 
cm^  V '  s  '  for  the  “horizontal”  orientation.  The 


mobilities  of  the  “diagonal”  Hall  bars  lay  between 
these  limits.  The  variation  of  the  carrier  density 
between  samples  was  about  13%  which  is  typical 
across  an  MBE  wafer  and  was  not  obviously  lin¬ 
ked  to  the  Hall  bar  direction  or  to  the  resulting 
sample  mobility.  Thus,  although  the  transport  is 
diffusive  and  any  carrier  will  be  scattered  and 
change  its  wave  vector  many  times  a  second,  there 
was  still  a  systematic  variation  of  sample  mobility 
with  current  direction.  This  shows  that  it  is  im- 
p)ortant  to  orientate  the  Hall  bars  correctly  if  the 
highest  mobility  devices  are  to  be  obtained.  When 
(311)A  wafers  were  cleaved  into  rectangular  sam¬ 
ples,  it  was  found  that  the  edges  are  either  be¬ 
velled  or  perpendicular  to  the  sample  surface  as 
shown  in  fig.  2.  Assunting  that  the  (311)A  samples 
cleave  preferentially  along  the  {110}  set  of  planes 
as  is  expected  for  zincblende  crystals,  the  per¬ 
pendicular  edges  must  correspond  to  the  (Oil) 
plane.  For  rectangular  samples,  the  bevelled  edges 
must  represent  the  (Oil)  plane.  The  presence  of 
these  bevelled  and  perpendicular  edges  allows  the 
consistent  orientation  of  Hall  bars  on  different 
wafers.  The  highest  mobilities  were  found  for  cur¬ 
rent  flow  in  jhe  “  vertical"  orientation  in  fig.  2 
which  is  the  [233]  direction. 

The  FQHE  has  attracted  considerable  experi¬ 
mental  and  theoretical  attention  recently  [8].  The 
FQHE  is  driven  by  the  Coulomb  interactions  be¬ 
tween  the  carriers  in  a  two-dimensional  system 
and  is  destroyed  by  excessive  disorder  in  the 
material.  It  is  for  this  reason  that  most  experimen¬ 
tal  investigations  of  this  effect  have  been  per¬ 
formed  on  high  mobility  n-type  GaAs-Al,Ga,_, 
As  heterojunctions  although  p-type  systems  have 
also  been  studied  [9].  Fig.  3  shows  the  Hall  (p,  ,  ) 
and  diagonal  (p^,)  magnetoresistivity  of  a  silicon- 
doped  (311)A  p-type  .sample  of  mobility  p  = 
540,000  cm’  V " '  s  '  and  carrier  density  n  =  1.2 
X  lO"  cm“^  at  dilution  refrigerator  base  tempera¬ 
ture  ( <  40  mK).  Structure  associated  with  both 
the  integer  and  fractional  quantum  Hall  effects 
can  be  observed.  Fractional  states  are  seen  at 
filling  factors  «>  =  5/3,  7/5,  2/3,  3/5,  4/7,  3/7 
and  2/5,  in  conjunction  with  quantised  plateaux 
in  the  Hall  resistance  for  the  stronger  fractions. 
The  magnetic  field  was  not  large  enough  for  the 
1/3  fraction  to  be  observed  in  this  sample,  al- 


A.G.  Davies  et  al.  /  Growth  and  physics  of  hi^h  mobility  2D  hole  eases 


321 


though  this  fraction  has  been  seen  in  materiaJ  with 
a  lower  carrier  density. 

An  unusual  aspect  of  this  data  is  the  absence  of 
the  4/3  fraction  even  though  the  5/3  and  7/5 
states  are  present.  It  was  found  that  if  the  sample 
was  tilted  in  situ  in  the  magnetic  field,  the  4/3 
state  emerges  [4].  In  n-type  samples  of  comparable 
carrier  densities,  the  4/3  is  present  at  low  fields 
and  is  seen  to  be  destroyed  gradually  as  the  sam¬ 
ple  is  tilted  before  finally  re-emerging  [10].  This 
behaviour  is  explained  by  finite-size  calculations 
which  show  that  at  low  magnetic  fields  the  inter¬ 
acting  carriers  forming  certain  fractional  states 
can  possess  spins  aligned  both  parallel  and  anti¬ 
parallel  to  the  applied  field  [llj.  As  the  sample  is 
tilted,  a  given  fraction  is  pushed  to  higher  mag¬ 
netic  fields.  This  increases  the  Zeeman  energy  of 
the  reversed  spins  causing  these  fractional  states 
to  change.  The  fact  that  much  lower  magnetic 
fields  seem  to  be  required  to  destroy  and  recover 
the  4/3  state  in  p-type  material  in  comparison 
with  n-type  material  suggests  that  the  Zeeman 
energy  of  a  fractional  state  at  a  given  magnetic 
field  is  larger  in  the  p-type  samples  [4]. 


4.  Conclusions 

The  growth  of  silicon-doped  p-type  GaAs- 
Al^Ga,_  ^As  heterostructures  on  the  (311)A  GaAs 
surface  has  been  investigated.  It  is  found  that  very 
high  mobility  structures  can  be  achieved.  The  mo¬ 
bility  of  a  processed  Hall  bar  has  been  shown  to 
be  dependent  upon  its  orientation  on  the  MBE 
wafer  which  is  possibly  caused  by  the  anisotropic 
nature  of  the  Fermi  surface  in  these  systems.  The 
FQHE  has  been  studied  in  the  best  quality  sam¬ 
ples.  The  behaviour  of  the  fractional  structure  as 
the  sample  is  tilted  in  the  applied  magnetic  field 
suggests  that  the  Zeeman  energy  of  the  fractional 
states  at  a  given  magnetic  field  is  larger  in  this 
material  than  in  comparable  n-type  devices. 
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Serpentine  superlattice:  concept  and  first  results 

M.S.  Miller  C.E.  Pryor  H.  Weman  L.A.  Samoska  H.  Kroemer  and  P.M.  Petroff  “ 

L'nirersitv  of  California,  Santa  Barbara,  California  93106.  USA 


We  present  an  epitaxial  growth  technique  for  vicinal  substrates  which  avoids  the  geometric  tilt  sensitivity  inherent  to  the  cyclic 
growth  of  such  structures  as  tilted  superlattices.  This  cyclical  deposition  and  growth  technique  produces  a  serpentine  superlattice 
(SSL)  (M.S.  Miller  et  al.,  in:  Proc.  2dth  Intern.  Conf  on  Physics  of  Semiconductors.  Thessaloniki,  August  1990).  Purposefully  varying 
the  per-cycle  growth  rate  produces  a  lateral  superlattice  with  a  variable,  meandering  tilt,  with  1  D.  microscopically  confined 
electronic  states  formed  where  the  superlattice  bends  over.  The  quantum  wire  electronic  confinement  is  principally  determined  by  the 
SSL  shape  near  these  widest  regions,  near  places  with  a  vertical  tangent.  This  shape  is  accurately  established  through  the  smooth 
adjustment  of  the  fractional  monolayer  growth  rates.  If  a  large  enough  range  of  growth  rates  is  spanned,  then  a  particular 
esmfinement  structure  is  guaranteed:  With  a  SSL,  quantum  wire  arrays  with  particular  energy  levels  may  be  precisely  realized.  Not 
only  is  this  true  at  a  particular  place  on  the  substrate,  but  the  growth  rate  variations  across  a  substrate  are  automatically 
accommodated  and  uniform  wires  are  realized  oser  the  entire  wafer.  Calculations  of  the  two-dimensional  subband  structure  were 
performed  for  (Ga.AI)As  SSLs  to  confirm  the  ID  electronic  states,  determine  optimal  structure  parameters  and  explain  experimental 
results.  Such  (Ga.AI).As  SSLs  have  been  prepared  by  MBE  and  characterized  with  photoluminescence.  We  find  emitted  light  in 
several  samples  that  is  polarized  parallel  to  the  direction  of  the  vicinal  substrate's  steps,  which  we  interpret  to  be  consistent  with 
quasi-lD  confinement. 


1.  Introduction 

Epitaxially  grown  heterostructures  give  one  di¬ 
mension  of  microscopic  compositional  control, 
typified  by  ID  quantum  wells  and  modulation 
doped  heterostructures,  and  can  also,  in  principle, 
provide  good  confinement  in  two  dimensions.  Ap¬ 
proaches  to  epitaxial  2D  confining  heterostruc¬ 
tures  in  III-V  semiconductor  systems  include 
techniques  of  cyclic  deposition  and  growth  on 
vicinal  substrates,  giving  tilted  superlattices  (TSLs) 
[2,3]  or  fractional  layer  superlattices  [4],  and  re¬ 
growth  techniques  on  either  finely  patterned  sub» 
strates,  which  exploit  the  differing  growth  of  bar¬ 
rier  and  well  materials  at  the  bottom  of  a  trench 
[5).  or  on  cleaved  epitaxial  layers  (6).  In  particular, 
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TSLs  have  not  successfully  been  used  to  form 
two-dimensional  confinement  structures  with  good 
electrical  and  optical  properties.  One  reason  for 
poorly  defined  confinement  is  because  of  the  ther¬ 
modynamic  difficulty  of  having  fractional  layers 
segregate  fully  on  the  vicinal  terraces  in  the 
(Ga,Al)As  system.  Perhaps  this  may  be  avoided 
through  a  better  understanding  of  the  growth 
processes  in  this  system  or  by  turning  to  other 
systems  such  as  the  (Ga.Al)Sb  system  [7],  Another 
problem,  intrinsic  to  the  growth  geometry,  is  that 
the  tilt  is  not  a  well  controlled  parameter.  This 
stems  from  the  facts  that  the  deposition  and 
growth  rates  cannot  be  characterized  to  within  less 
than  about  one  percent  and  that  growth  rate  vari¬ 
ations  across  a  substrate  are  typically  greater  than 
one  percent.  One  percent  errors  in  the  growth  rate 
variously  give  tilts  of  14°  and  30°  on  vicinal 
GaAs  substrates  misoriented  2°  and  1°,  respec¬ 
tively,  from  the  (100)  surface  [2],  Electronic  con¬ 
finement  energies,  and  resulting  electrical  and 
optical  properties,  will  change  with  the  tilt  and  are 
thus  not  well  controlled  in  a  TSL.  We  present  here 
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another  cyclic  deposition  and  epitaxial  growth 
technique  for  vicinal  surfaces.  The  resulting  struc¬ 
tures,  named  serpentine  superlattices  (SSLs)  for 
their  purposefully  meandering  shapes,  may  be  em¬ 
ployed  to  obtain  quantum  wires  (QWs)  [1],  These 
structures  inherently  accommodate  the  geometric 
sensitivity  to  absolute  growth  rates.  The  calcula¬ 
tions  of  the  electronic  subband  structure  and  en¬ 
velope  wavefunctions  we  present  confirm  the  qual¬ 
ity  of  this  2D  confining  geometry.  To  date  we 
have  prepared  a  number  of  (Ga,Al)As  SSL  QW 
samples  using  molecular  beam  epitaxy  (MBE)  to 
charactenze  their  optical  and  structural  properties. 
The  polarization  dependence  of  the  emitted  photo¬ 
luminescence  data  that  we  present  suggests  that 
we  have  achieved  electronic  states  confined  to  ID, 
but  is  not  conclusive. 

Serpentine  superlattices  are  produced  with  a 
cyclic  deposition  and  growth  technique  on  vicinal 
substrates,  taking  the  relative  coverage  between 
successive  deposition  cycles  as  a  variable,  con¬ 
trolled  parameter.  During  such  a  growth  with 
MBE.  for  example,  the  shuttering  of  the  molecular 


beams  is  under  compiiicr  omri.,  and  may  be 
changed  each  cycle  by  a  certain  amount  relative  to 
the  other  cycles.  Smoothly  sweeping  the  per-cycle 
coverage  back  and  forth  through  a  range  including 
monolayer  coverage  give'  :i  airucture  with  a  con¬ 
tinuously  varying  till,  as  is  schematically  repre¬ 
sented  in  fig.  la.  Two-dimensional  electronic  con¬ 
finement  may  be  obtained  at  the  wide  places  in 
the  winding  wells,  where  the  structure  turns  a 
corner.  The  shape  near  these  regions  determines 
the  energy  spectrum  of  the  confinement.  Perhaps 
the  most  interesting  case  occurs  for  a  linear  ramp¬ 
ing  of  the  per-cycle  coverage  through  a  range 
including  vertical  growth.  This  instance  gives  a 
SSL  with  a  cross  section  of  periodically  displaced 
parabolas  having  curvatures  determined  by  the 
mis-orientation  angle  and  the  per-cycle  coverage 
ramping  rate  I/Zq-  The  confinement  energies  are 
determined  by  Zp.  the  lateral  well  and  barrier 
widths,  and  the  barrier  height.  The  confinement  in 
this  case  is  insensitive  to  errors  in  the  absolute 
growth  rates.  An  error  shifts  the  vertices  of  the 
parabolas  up  or  down  in  the  growth  direction  but 


vicinal  substrate 


(a) 


(b) 


Fig.  1.  A  SSL  cross  section  is  shown  (a)  that  would  result  from  sweeping  the  per-cycle  coverage  back  and  forth  through  a  range  that 
includes  exact  monolayer  coverage.  At  such  places,  where  the  tangent  to  the  structure  is  vertical,  electronic  states  are  confined  to  two 
dimensions.  The  2D  potential  energy  minima  near  these  regions  may  be  characterized  by  the  lateral  barrier  and  well  widths,  lateral 
barrier  height  and  the  local  curvature  of  the  SSL.  (b)  Most  of  the  simulated  and  grown  structures  have  been  single-crescent,  parabolic 
geometries  with  barriers  cladding  the  SSL  region  above  and  below. 
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does  not  change  their  shape.  Thus  a  confinement 
may  be  obtained  that  is  quite  insensitive  to  growth 
rate  variations  across  an  entire  substrate. 


2.  Calculations  and  experimental  results 

We  have  calculated  energy  levels,  superlattice 
subbands,  density  of  states  (DOS)  and  envelope 
wavefunctions  for  the  two-dimensional  SSL  con¬ 
finement  geometry  in  order  to  quantify  the  quality 
of  the  quantum  confinement,  understand  the  vari¬ 
ation  of  confinement  energies  with  the  available 
design  parameters  and  model  problems  with  ac¬ 
tual  structures.  typical  configuration  for  which 
we  have  computed  energy  levels  is  depicted  in  fig. 
lb.  a  parabolic  single-cre.scent  serpentine  structure 
placed  between  upper  and  lower  cladding  layers. 
For  the  calculation  the  SSL  potential  energy  is 
defined  on  a  grid  with  hard-wall  boundaries  above 
and  below  and  lateral  periodic  boundary  condi¬ 
tions.  Tne  effective  mass  varies  with  the  alloy 
composition.  This  is  solved  as  a  .series  of  eigen¬ 
value  problems  at  increa.singly  finer  grid  spacings 
with  the  final  result  being  an  extrapolation  to  zero 
grid  spacing.  Fig.  2  gives  contour  plots  of  conduc¬ 
tion  band  electron  envelope  wavefunctions  and 
DOS  for  a  single-cresent.  parabolic  SSL  config¬ 
ured  similar  to  the  structure  of  fig.  lb.  The  simu¬ 
lated  structure  had  a  per-cycle  growth-rate  ramp¬ 
ing  constant  of  =  125  nm.  vertical  barriers  of 
A  =  1.  and  both  the  lateral  barrier  and  well  thick- 
nes.ses  of  5.4  nm.  The  wavefunction  results  of  fig. 
2a  show  the  good  confinement  of  this  structure  in 
the  growth  direction,  where  the  lowest  state  is 
IvKalized  to  about  10  nm  in  the  growth  direction. 
Fig.  2b  clearly  demonstrates  the  expected  ID-like 
DOS  for  such  a  confining  potential.  The  first  and 
second  conduction  band  electron  subbands  arc 
seen  to  be  separated  by  34  meV.  Other  calcula¬ 
tions  we  have  performed  include  examining  gated 
SSL  structures  and  modeling  the  effects  of  unin¬ 
tentional  .Al  in  the  GaAs  well. 

A  number  of  (Ga.AI)A.s  .samples  have  been 
grown  by  MBE  for  characterization  of  their  opti¬ 
cal  and  structural  properties.  Most  of  these  speci¬ 
men  have  been  single-crescent  parabolic  structures 
prepared  with  a  20T  change  in  the  per-cycle 
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0  10  CO  30  40  50 

growth  direction  [nm] 


Fig.  2.  Calculated  rosuli.'  fur  a  slngle-crc.sceni  serpenline  super- 
lallice  are  presenied.  (a)  Ccnlour  plots  of  the  conduction  hand 
envelope  wavefunction  of  the  grt'und  state.  4',,.  and  of  the 
abst'lute  value  of  the  first  excited  stale.  I'l',  ].  are  superim¬ 
posed  on  dashed  lines  that  define  the  well  and  barrier  regions. 
The  lowest  contour  is  more  than  an  order  of  magnitude  below 
the  highest,  (b)  The  electron  densitv  of  states  (DOS)  is  also 
given  for  this  structure.  Note  the  very  good  ID-like  shape  of 
the  lower  bands. 

coverage  over  approximately  100  nm  of  growth, 
thus  having  j,,  =  500  nm.  The.se  have  been  pro¬ 
duced  on  vicinal  (100)  GaAs  substrates  misori- 
ented  towards  (111), A.  The  SSL  layers  are  de¬ 
posited  in  an  alternating  beam,  migration  en¬ 
hanced  epitaxy  mode  at  substrate  temperatures 
between  6(X)  and  61()°C  on  two  or  more  substrates 
simultanevsusly.  The  principal  characterization 
technique  has  been  the  measurement  of  polariza¬ 
tion  dependent  photolumine.scence  (PL)  spectra  at 
1.4  K.  Fig.  3  gives  PL  data  for  a  .single-cre.scent 
SSL  grown  on  a  2°  misoriented  substrate.  The 
spectra  were  obtained  by  exciting  the  sample  ob¬ 
liquely  with  488  nm  light  and  observing  the  light 
emitted  normal  to  the  surface  through  a  polarizing 
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Fig.  3  The  polarization  dependence  of  the  phololuminescence 
from  a  single-crescent  SSL  on  a  2°  substrate  (81  nm  .step 
width)  with  the  layer  dimensions  of  fig.  2b  is  given.  The  SSL 
(Ga.AllAs  barriers  nominally  cover  3/7  of  a  step  and  have 
V  =  1  /'3.  A  polarizer  has  been  placed  between  the  sample  and 
the  monochromater  in  order  to  analyze  the  emitted  light.  The 
light  from  the  shoulder  peak  around  735  nm  is  seen  to  be 
unpolarized.  The  weak  signal  at  longer  wavelengths  is  also  seen 
ti'  be  polarized.  The  main  peak  is  assigned  to  recombination 
from  quantum  wire  states  in  the  SSL.  and  the  shoulder  peak  to 
defect-related  recombination. 

analyzer.  The  angles  in  the  figure  are  taken  be¬ 
tween  the  anticipated  wire  direction  and  the 
analyzer's  orientation.  The  larger  peak  at  723  nm 
exhibits  a  polarization  dependence,  where  most  of 
the  luminescence  is  polarized  parallel  to  the  wire 
direction.  The  polarization  dependence  of  this 
main  peak  is  what  is  expected  from  a  simple 
theory  for  recombination  from  a  heavy  hole-like 
quantum  wire  slate  [8).  The  intensity  of  this  peak, 
as  well  as  corresponding  peaks  in  most  of  the 
other  SSL  .samples  prepared  to  date,  is  compara¬ 
ble  to  the  intensity  of  witne.ss  quantum  wells  which 
are  placed  in  the  cladding  layers.  The  position  of 
this  peak  is  approximately  determined  by  the 
nominal  total  average  alloy  composition  of  the 
SSL  structure,  which  is  well  above,  by  perhaps  80 
meV.  what  would  be  expected  for  this  SSL  in 
which  all  of  the  AlAs  resides  in  well  defined 
barriers,  and  none  in  the  wells.  We  have  modeled 
this  poor  segregation  with  a  calculation  which 
assumes  that  much  of  the  AlAs  from  the  barriers 
is  uniformly  distributed  into  the  wells  and  then 
estimates  the  actual  segregation  in  the  structure 


with  a  fit  to  the  measured  peak  position.  However, 
because  the  peak  position  is  set  by  alloy  composi¬ 
tion,  which  is  not  known  better  than  to  several 
percent,  and  because  the  energy  difference  be¬ 
tween  the  poorly  segregated  barriers  and  wells  is 
relatively  small,  we  are  unable  to  make  a  reliable 
estimate.  The  polarization  effects  have  been  seen 
on  1°  and  2°  mis-oriented  substrates,  bui  are 
much  weaker  or  absent  on  0.5°  and  4°  substrates. 
The  states  which  give  the  lower  energy  shoulder 
peak  at  735  nm  emit  unpolarized  light  normal  to 
the  sample  surface.  Photoluminescence  excitation 
measurements  confirm  that  this  shoulder  peak 
originates  from  states  within  the  structure  that 
gives  the  main  SSL  peak.  This  peak  is  only  present 
in  some  of  the  SSL  samples  grown  to  date  and  has 
lifetime  that  is  typically  two  orders  of  magnitude 
longer  than  that  of  the  main  peak.  We  have  con¬ 
cluded  that  this  is  a  defect-related  peak  in  the 
SSL.  A  weak  polarization  dependence  in  the  back¬ 
ground  at  energies  below  the  main  peaks  is  aLso 
seen. 


3.  Conclusions  and  future  work 

We  have  presented  here  a  technique  for  grow¬ 
ing  epitaxial  2D  confining  heterostructures.  Our 
calculations  predict  the  serpentine  superlattice 
geometry  may  give  good  confinement  in  (Ga,Al)As 
structures.  The  initial  PL  results  we  have  pre- 
.sented  are  qualitatively  consistent  with  confine¬ 
ment  to  ID.  SSL  structures  might  well  have  appli¬ 
cations  in  studying  ID  systems  and  in  devices. 
Towards  these  ends  we  have  prepared  samples  for 
tran.sport  mea.surements  and  begun  to  calculate 
the  responses  of  gated  structures.  A  particular 
device  application  currently  being  pursued  is  that 
of  using  a  SSL  in  a  quantum  wire  la.ser. 
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The  fabrication  and  characterization  of  narrow'  quantum  wires  is  studied  with  a  combination  of  theoretical  techniques.  Using  the 
compositional  integrity  as  a  measure  of  quality,  our  earlier  work  has  shown  that  quantum  wires  generated  by  a  Monte  Carlo 
simulations  of  crystal  growth  attain  the  highest  quality  within  a  narrow  range  of  .substrate  temperatures  that  depends  upon  the  beam 
flux  and  terrace  width.  We  examine  the  factors  that  influence  the  electronic  density  of  states  of  such  quantum  wires  within  a 
light-binding  framework  and  discuss  the  compositional  integrity  of  the  .structures  in  relation  to  the  quantum  mechanical  integrity. 
The  effects  of  migrating  species  with  different  mobility  parameters  are  then  con.sidered  by  appealing  to  recent  work  describing  growth 
on  vicinal  surfaces  with  an  effective  nonlinear  diffu.sion  equation. 


1.  Introduction 

The  eonirol  of  interface  compositional  disorder 
IS  implicit  in  many  of  the  predicted  characteristics 
of  narrow  quantum  w'ells  and  quantum  wires  [1). 
However,  in  the  grow  th  of  quantum  wells,  there  is 
a  lower  limit  to  the  superlattice  period  below 
which  the  benefits  of  the  reduced  dimensionality 
are  lost  and  some  of  the  material  characteristics 
are  more  similar  to  those  of  an  alloy  with  the 
corresponding  average  composition  [2].  In  part, 
this  is  due  to  imperfect  layer-by-layer  growth, 
since  even  under  optimum  conditions  of  molecu¬ 
lar-beam  epitaxy  (MBE).  the  growth  front  is  spread 
over  several  layers.  In  the  case  of  quantum-wires, 
interface  disorder  is  compounded  by  the  reduced 
dimensonality  of  the  growth  front,  i.e..  the  step 
edges,  becau.se  fluctuations  in  the  step-edge  profile 
are  far  more  facile  than  the  fluctuations  in  the 
planar  growth  front  of  a  quantum  well.  This  leads 
to  a  more  irregular  lateral  interface  for  quantum 
wires  and  thus  to  more  stringent  kinetic  restric¬ 
tions  on  the  lower  limit  of  the  lateral  dimension  of 
quantum  wires. 

The  basic  principle  behind  quantum-wire 
growth  by  conventional  MBE  stems  from  the  work 
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of  Neave  et  ai.  [3].  who  showed  that  the  growth 
mode  on  a  vicinal  surface  is  temperature-depen¬ 
dent.  At  low  temperatures,  growth  proceeds  by  the 
formation  and  coalescence  of  two-dimensional 
clusters  on  terraces,  while  at  higher  temperatures, 
enhanced  surface  mobility  promotes  the  direct 
incorporation  of  migrating  atoms  at  the  step  edges, 
with  growth  occurring  by  step  advancement.  In 
principle,  the  high-temperature  growth  mode  may 
be  exploited  for  growing  ( AI.Ga)As  quantum  wires 
by  arranging  the  substrate  temperature(s).  Ga  and 
AI  fluxes,  and  misorientation  angle  to  favor  grow  th 
by  step  advancement  for  both  group  HI  species. 
Quantum  wire  arrays  or  tilted  superlattices  are 
then  achieved  by  alternately  depositing  appro¬ 
priate  fractional  monolayers  of  the  constituent 
materials. 

In  practice,  quantum  wires  are  grown  either  by 
MBE  [4.5]  or  as  coherent  tilted  superlattices  [6] 
under  conditions  known  as  migration-enhanced 
epitaxy  (MEE)  [7.8].  However,  since  simulations 
of  MEE  growth  kinetics  are  only  beginning  to 
emerge  [9[.  we  will  concentrate  on  the  kinetic 
limitations  to  the  growth  of  narrow  quantum  wires 
by  conventional  MBE.  By  using  a  combination  of 
Monte  Carlo  simulations,  nonlinear  diffusion 
equations,  and  tight-binding  calculations  of  elec¬ 
tronic  structure  we  will  examine  the  factors  that 
degrade  the  compositional  integrity  of  the  wire 
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due  to  the  interaction  between  Ga  and  a  less-mo¬ 
bile  species  such  as  Al,  and  determine  the  effects 
of  various  types  of  disorder  upon  the  electronic 
density  of  states  of  the  lowest  subbands  of  the 
quantum  wires. 


2.  Theoretical  methods 

The  Monte  Carlo  simulations  are  based  upon  a 
solid-on-sohd  model  of  MBE,  wherein  the  sub¬ 
strate  is  modeled  as  a  simple  cubic  lattice  on 
which  overhangs  are  not  permitted.  Growth  is 
initiated  by  the  random  deposition  of  atoms  onto 
the  lattice  at  a  rate  JA,  where  J  is  the  flux  and  A 
is  the  substrate  area.  The  migration  of  adatoms  is 
treated  as  a  nearest-neighbor  hopping  process,  with 
the  hopping  rate  given  by 

k(E.  T)  =  ko  exp(-£ABT), 

where  kQ  is  an  adatom  vibrational  frequency  ( = 
10'^  s"').  /tg  is  Boltzmann's  constant.  T  is  the 
substrate  temperature,  and  E  is  the  barrier  to 
migration.  The  barrier  consists  of  a  substrate  term 
£s  and  a  contribution  from  each  nearest 
neighbor  along  the  substrate.  Thus,  £  =  £5  +  nE^, 

where  n  =  0,  1 . 4.  By  direct  comparison  with 

the  experiments  of  Neave  et  al.  [3],  the  optimum 
values  of  these  diffusion  barriers  for  GaAsfOOl) 
have  been  determined  to  be  £5  =  1 .45  eV  and 
£f^  =  0.3  eV  [10].  By  choosing  isotropic  mobility 
parameters,  we  have  neglected  the  effects  of  the 
surface  reconstruction.  The  generalization  of  the 
model  to  explicitly  include  the  reconstruc‘-on  is 
analogous  to  the  case  of  simulations  of  ,  vOOl) 
homoepitaxy  111],  and  is  discussed  elsewhtiC  [12]. 

Our  analytic  work  is  based  upon  a  nonlinear 
continuum  model  for  MBE  that  includes  diffusiort 
and  an  approximation  to  adatom  interactions  in 
the  form  of  diatomic  island  formation  [13].  A 
natural  outcome  of  the  model  is  the  identification 
of  the  transition  temperature,  7^.,  at  which  growth 
by  step  propagation  dominates  island-formation: 

7'c  =  (£.„Ab)NmV27/.*)]’', 

where  ^eff  is  an  effective  diffusion  barrier,  h  is 
the  terrace  length,  and  a  is  the  nearest-neighbor 


distance  of  the  square  lattice.  Excellent  agreement 
is  obtained  between  the  values  of  7^.  determined 
by  the  nonlinear  model,  with  =  1.4  eV,  and 
those  obtained  from  both  Monte  Carlo  simula¬ 
tions  and  measurements  on  vicinal  GaAs  (001) 
surfaces  for  different  Ga  and  AS2  fluxes  [10].  This 
result,  together  with  the  considerable  reduction  in 
effective  diffusivity  predicted  by  the  model  [13] 
and  observed  experimentally  [3],  highlight  the  role 
of  the  adatom  interactions  as  an  essential  ingredi¬ 
ent  in  a  realistic  model  of  MBE. 

The  electronic  structure  of  quantum  wires  is 
calculated  using  a  single-band  nearest-neighbor 
tight-binding  Hamiltonian,  which  allows  the  dis¬ 
order  at  the  interfaces  to  be  treated  exactly  [14]. 
The  effective  Schrodinger  equation  can  be  written 
in  terms  of  site  components  as 

j 

where  c,  is  the  amplitude  of  the  wavefunction  at 
site  /,  and  c,  is  the  potential,  which  takes  either 
the  value  Cq^  or  The  hopping  elements  are 
the  kinetic  energy  terms,  which  will  be  taken  to 
have  the  constant  value.  V.  between  nearest 
neighbors  and  zero  otherwise.  For  GaAs/AlAs 
wires,  we  must  choose  In  the  limit 

e^i  -*  Qc,  the  Ga  subband  can  be  studied  by  con¬ 
sidering  only  the  Ga  sites.  This  provides  a  consid¬ 
erable  saving  in  the  computer  time  and  has  little 
effect  on  the  results  when  compared  with  more 
realistic  values  for  It  must  be  stressed,  how¬ 
ever,  that  this  treatment  is  not  intended  to  repre¬ 
sent  in  detail  any  realistic  GaAs/AlAs  system,  but 
only  to  treat  on  a  quantum  mechanical  level  a 
system  for  which  the  scattering  structure  is  sinrilar 
to  that  of  a  realistic  system. 


3.  Results  and  discussion 

Following  previous  work  [15],  we  model  quan¬ 
tum-wire  growth  by  first  considering  a  system  in 
which  the  two  constituent  components  have  iden¬ 
tical  kinetic  properties,  and  are  distinguished  solely 
by  a  label.  In  this  way  we  can  focus  upon  the  key 
features  that  determine  the  morphology  of  these 
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structures  before  addressing  the  effect  of  a  second 
species.  The  growth  of  quantum  wires  was  simu¬ 
lated  by  alternately  depositing  half  monolayers  of 
“B”  and  “A”  material  for  a  total  of  ten  layers 
upon  a  substrate  of  “A”. 

To  quantify  the  compositional  integrity  of  these 
structures,  the  “quality”  has  been  defined  as  the 
average  percentage  of  “B”  atoms  present  within 
the  region  that  would  be  completely  occupied  with 
“B”  atoms  if  the  wire  growth  was  perfect.  Our 
earlier  work  showed  that  the  quality  so  defined 
exhibited  a  flux-dependent  maximum  as  a  func¬ 
tion  of  substrate  temperature.  At  low  tempera¬ 
tures,  the  poor  quality  is  due  to  the  residual  for¬ 
mation  of  clusters  on  the  terraces,  while  at  higher 
temperatures,  the  decreasing  wire  quality  results 
from  large-amplitude  fluctuations  in  the  step-edge 
profile,  which  lead  to  the  meandering  of  the  step 
edge  outside  of  the  target  area. 

The  important  growth-induced  features  that  can 
degrade  the  electronic  structure  of  quantum  wires 
are  (i)  the  disorder  at  the  interface,  (ii)  residual 
island-formation  within  the  wire,  and  (iii)  the 
long-wavelength  meandering  of  the  wire.  Since 
achieving  the  required  resolution  in  energy  for  a 
density  of  states  profile  necessitates  generating 
wires  of  length  up  to  50,000  lattice  spacings,  we 
first  present  the  result  of  a  preliminary  study  that 
successively  incorporates  the  effects  of  (i)-(iii)  in 
wires  constructed  from  the  statistics  of  simulated 
wires.  The  integrated  density  of  states  was  calcu¬ 
lated  for  two-dimensional  planar  wires  since  the 
computational  requirements  for  treating  wires  with 
a  full  two-dimensional  cross-section  are  at  the 
moment  prohibitive.  However,  planar  structures 
.similar  to  those  whose  electronic  structure  we  are 
calculating  have  been  grown  by  MBE  [16],  so  this 
idealization  is  not  as  drastic  as  it  may  first  appear. 

Sections  of  the  three  types  of  wires  studied  are 
shown  in  fig.  1,  with  a  fixed-width  meandering 
structure  in  fig.  la  to  which  interface  fluctuations 
are  added  in  fig.  Ib  and  islands  in  fig.  Ic.  The 
mean  width  in  all  three  cases  is  10  atomic  units 
and  the  statistics  used  to  generate  these  structures 
were  taken  from  the  appropriate  correlation  func¬ 
tions  of  simulated  wires  (fig.  Id).  The  correspond¬ 
ing  densities  of  states  near  the  band  edge  are 
shown  in  fig.  2.  The  physically  interesting  region 


Fig.  1.  Sections  of  20-atom-wide  quantum  wires  generated 
from  the  statistics  of  simulated  wires,  with  (a)  with  ftxed-width 
meandering  only  and  (b)  with  fluctuations  in  the  width  in¬ 
cluded.  and  (c)  with  islands,  compared  with  (d)  simulated  wires 
at  the  optimum  temperature  as  measured  by  compositional 
integrity.  The  dark  and  light  shading  indicate  regions  of  Al(As) 
and  Ga(As).  re.spectively. 


of  the  spectrum  is  that  close  to  the  band  edge, 
where  the  wavefunctions  with  long  wavelengths 
along  the  wire  direction  should  be  least  sensitive 
to  perturbations  of  the  wire  width.  The  effect  of 
meandering  on  the  density  of  states  in  fig.  2a  is 
seen  to  be  quite  small,  with  the  first  three  sub¬ 
bands  being  clearly  discernible.  However,  the  in¬ 
clusion  of  width  fluctuations  has  an  evident  detri¬ 
mental  effect,  with  only  the  first  subband  showing 
sharp  definition  (fig.  lb).  The  addition  of  islands 
has  an  even  stronger  degrading  effect,  presumably 
by  forcing  nodes  in  the  wavefunction,  which  wipes 
away  the  remaining  the  characteristic  features  of 
the  density  of  states.  These  results  are  expected  to 
be  a  strong  function  of  the  width  of  the  quantum 
wire,  with  the  effects  of  the  interface  disorder 
diminishing  with  increasing  lateral  extent.  Tlie 
morphologies  in  figs,  la-lc  also  indicate  that  the 
characterization  of  wire  quality  based  upon  struct¬ 
ural  integrity  can  be  a  misleading  measure  of 
quantum  mechanical  integrity,  since  increasing  the 
substrate  temperature  decreases  both  the  island 
density  and  the  interface  disorder. 

The  presence  of  a  second,  less  mobile  species. 
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Fig.  2.  The  densities  of  states  near  the  band  edge  of  monolayer 
slices  of  quantum  wires  generated  from  the  stati.stic.s  of  simu¬ 
lated  wires  shown  in  figs.  la-lc. 


X,  fraction  A1 


Fig  ^  The  variation  in  as  function  of  Al  concentration  for 
growth  of  Al^Gai  ,As.  0  s  x  s  1  on  a  vicinal  surface  with 
terraces  of  length  h  =  lOu  and  h  ~  20<i.  The  total  flux  has  been 
set  to  1  ML/s. 


e.g.  Al,  can  affect  the  morphology  of  the  quantum 
wires  in  several  ways.  First,  the  growth  tempera¬ 
ture  must  be  chosen  so  that  the  growth  of  the 
alloy  proceeds  by  step  advancement.  Since  adatom 
interactions  decreases  the  effective  mobility  of  Ga 
by  providing  capture  sites  for  diffusing  Ga  atoms, 
the  appropriate  growth  temperature  depends  upon 
the  Al  concentration.  Furthermore,  Al  is  expected 
to  increase  the  density  of  step-edge  kink  sites, 
which  leads  to  a  rough  step  profile  and  increases 
the  width  fluctuations  of  the  wire. 

Although  the  mobility  parameters  of  Al  have 
not  been  determined  because  of  complications  in- 
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volved  in  growing  at  the  required  elevated  temper¬ 
atures,  the  values  of  7^,  can  be  estimated  for  a 
given  value  of  the  effective  diffusion  barrier  of  Al 
by  appealing  to  the  nonlinear  diffusion  equation 
adapted  to  account  for  two  diffusing  species.  The 
calculated  transition  temperatures  are  shown  in 
fig.  3a  for  Al,Ga|^^As,  0  <  .v  <  1  on  a  vicinal 
surface  with  terraces  of  length  h  =  10a,  with  the 
corresponding  calculation  for  h  =  20  a  shown  in 
fig.  lb.  The  diffusion  barrier  for  Ga  was  set  to  1.4 
eV  as  determined  above,  while  for  Al,  calculations 
with  the  values  1.5,  1.6,  and  1.7  eV  are  shown. 
Figs.  4a  and  3b  suggest  that  even  if  the  RHEED 
measurements  were  performed  for  an  Al^Ga,  ..  ,As 
alloy  at  a  single  concentration  (for  x  >0.1),  there 
is  sufficient  discrimination  between  the  curves 
corresponding  to  different  values  of  to  perntit 
an  estimate  of  the  effective  diffusion  barrier  for 
Al 


4,  Conclusions 

We  have  identified  several  important  factors 
that  determine  the  growth  and  electronic  char¬ 
acteristics  of  (Al.Ga)As  quantum  wires.  Tight- 
binding  calculations  for  monolayer  slices  of  wires 
generated  from  the  statistics  of  the  simulated  wires 
reveal  the  importance  of  the  interface  profile 
fluctuations  and  islands  in  determining  the  ap¬ 
pearance  of  quasi-one-dimensional  electronic 
characteristics.  These  calculations  imply  that  the 
interaction  between  Ga  and  Al  both  on  the  ter¬ 
races  and  at  the  step  edges  under  growth  condi¬ 
tions  of  conventional  MBE  are  expected  to  lead  to 
a  degradation  of  wire  quality  in  terms  of  the 
electronic  structure.  Future  calculations  will  ex¬ 
plore  more  detailed  analytical  models  for  growth 


on  vicinal  surfaces  as  well  as  extending  the  calcu¬ 
lations  on  the  simulated  quantum  wires  to  trans¬ 
port  phenomena. 
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Quantum  wire  structures  by  MBE  overgrowth  on  a  cleaved  edge 
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We  have  recently  demonstrated  the  existence  of  a  high  mobility  (6.1  X 10^  cvr^/\  ■  s)  two-dimensional  electron  gas  (2DEG)  at  the 
(110)  \icinal  surface  formed  by  cleaving  [L.  Pfeiffer  et  al.,  Appl.  Phys.  Letters  56  (1990)  1697]  a  (100)  GaAs  wafer.  We  have  now 
expanded  this  work  to  modulation-doped  overgrowth  on  the  cleaved  edge  of  a  multiperiod  superlatiice.  We  report  here  the  first 
observation  of  the  quantum  Hall  characteristics  in  such  a  two-dimensional  system  contaijiing  an  atomically  precise  71  A  GaAs  by  31 
k  Al„24Ga^,7^As  compositional  superlattice.  The  onset  of  Shubnikov-De  Haas  oscillations  occurs  at  only  3000  G,  implying  the 
Landau  cyclotron  orbits  are  phase  coherent  over  diameters  as  large  as  5000  A.  corresponding  to  more  than  200  GaAs/AlGaAs 
interface  crossings. 


Our  recent  demonstration  of  the  MBE  growth 
of  high  quality  AIGaAs  on  the  cleaved  edge  [1]  of 
a  GaAs  wafer  opens  up  exciting  new  possibilities 
for  all  sorts  of  laterally  confined  quantum  struc¬ 
tures  having  unprecedented  atomic  precision  in 
two  or  even  three  dimensions.  We  will  describe  the 
cleaved  growth  method,  review  our  initial  results 
e.stablishing  the  quality  of  the  MBE  overgrowth, 
and  then  describe  new  work  on  modulation-dop¬ 
ing  over  cleaved  multiperiod  superlattices,  includ¬ 
ing  a  demonstration  of  phase  coherence  over 
Landau  cyclotron  orbits  that  cross  200  or  more 
GaAs/ AIGaAs  interfaces. 

The  concept  of  quantum  wire  fabrication  by 
MBE  growth  on  a  cleaved  edge  of  a  GaAs  wafer  is 


illustrated  in  fig.  1.  As  can  be  imagined  from  the 
figure  the  idea  is  sufficiently  straightforward  to 
have  occurred  to  many  people  over  the  past  15 
years  [2].  Until  now.  however,  technical  difficulties 
with  the  quality  of  the  second  MBE  growth  have 
presented  successful  experiments  along  these  lines. 
The  technical  difficulties  are  of  two  types:  (i)  One 
must  find  a  new  set  of  MBE  conditions  for  high 
quality  growth  on  the  (110)  atomic  surfaces  of 
GaAs.  We  must  grow  on  the  (110)  surface  because 
GaAs  crystals  show  a  strong  natural  preference 
for  cleavage  on  (110)  lattice  planes,  (ii)  Any  clea¬ 
vage  must  be  performed  in  UHV  and  preferably 
in  situ  in  the  MBE  growth  chamber,  because  ex¬ 
posure  to  atmospheric  contamination  will  irre- 


3 

o 

(5 

UJ 

m 

s 


2^  MBE 
Growth 


i  i  i 


'^Quantum 

Wire 

i 

1 

W  ta-  - 


Step  1 


Step  E 


Step  3 


Fig.  1 .  The  concept  of  laterally  confined  quantum  wire  fabrication  by  MBF.  growth  on  a  cleaved  edge. 
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versibly  damage  the  fresh  (110)  atomic  surface, 
particularly  so  of  those  layers  containing  alumi¬ 
num. 

The  literature  of  Ill-V  epitaxy  contains  very 
few  accounts  of  growth  on  surfaces  other  than 
(100),  and  only  a  handful  [3-6]  that  discuss  GaAs 
growth  on  or  near  (110).  However,  these  refer¬ 
ences  make  it  clear  that  good  epitaxy  on  an  exact 
(110)  surface  is  very  difficult,  because  AS4  does 
not  readily  stick  to  the  non-polar  (110)  surface 
even  in  a  Ga  flux.  The  proposed  solutions  include 
increasing  the  AS4  overpressure,  lowering  the  sub¬ 
strate  temperature,  using  Asj  in  lieu  of  AS4,  or 
choosing  a  surface  misaligned  by  a  degree  or  so 
from  exact  (110)  GaAs.  But  misaligned  (110) 
surfaces  are  not  useful  here,  because  the  cleave 
will  expose  an  exact  (110)  GaAs  surface.  We 
found  use  of  an  As;  beam  did  improve  the  mor¬ 
phology  of  the  overgrowth,  but  so  far  we  have 
been  unable  to  find  suitable  conditions  for  good 
v.lO)  epitaxy  using  As,.  In  growth  tests  using  5 
cm  diameter  GaAs  wafers  polished  on  (110) 
surfaces  to  within  0.1®  we  generally  confirm  the 
conditions  found  by  Zhou,  Huang.  Li  and  Jia  [6]. 
We  use  a  beam-equivalent  AS4  ion  gauge  pressure 
of  1.6  X  10"'  Torr  measured  at  the  substrate  posi¬ 
tion,  and  a  substrate  temperature  of  480-500 °C 
measured  using  an  ireon  Type  V  infrared  pyrome¬ 
ter  [7]  calibrated  assuming  a  congruent  .sublima¬ 
tion  temperature  for  GaAs  of  640  °C.  Modula¬ 
tion-doped  250  A  wide  quantum  wells  grown  on 
(110)  wafers  under  these  conditions  at  a  growth 
rate  of  0.5  monolayers/s  show  smooth  featureless 
morphology  free  of  excess  Ga  and  clean  4-point 
Shubnikov-De  Haas  (SdH)  spectra  (see  fig.  2), 
and  2DEG  mobilities  in  the  range  3  to  5  x  10^ 
cmr/  V  •  s  in  the  dark,  after  exposure  to  light  at 
1 K.  This  mobility  is  an  order  of  magnitude  better 
than  the  best  previous  reported  [6]  for  epitaxial 
material. 

We  decided  to  use  a  cleave  as  opposed  to  ex 
situ  lapping  or  etching  in  order  to  provide  the 
cleanest  possible  surface  on  which  to  proceed  with 
further  epitaxial  growth.  A  clean  surface  can  only 
degrade  with  time  and  handling.  So  it  is  obvious 
that  ideally  the  sample  should  be  in  the  MBE 
growth  chamber,  at  the  proper  growth  tempera¬ 
ture.  with  the  proper  orientation,  and  in  the  proper 


Fig.  2.  Four-probe  and  2-probe  magneto-resistance  (4-probe 
/?,,)  and  Hall  resistance  /?,,  of  a  two-dimensional  electron 
gas  in  a  4  mmx4  mm  planar  (110)  modulation-doped  sample 
grown  at  the  same  time  as  the  edge  cleaved  .sample  of  fig,  3, 


molecular  fluxes  before  the  cleave.  The  cleave  then 
becomes  the  last  step  before  overgrowth  on  the 
newly  exposed  (110)  edge.  We  modified  our  Varian 
Gen  II  MBE  equipment  [8]  to  accomplish  the  in 
situ  cleave. 

In  order  to  establish  the  quality  of  the  MBE 
growth  on  a  cleaved  interface,  we  decided  to  post¬ 
pone  our  quest  for  novel  quantum  wire  physics, 
and  instead  to  look  for  the  quantum  Hall  effect  in 
a  two-dimensional  electron  gas  (2DEG)  at  the 
cleave  of  previously  MBE  grown  GaAs  material. 
The  sample  was  prepared  for  the  cleave  by  grow¬ 
ing  1000  A  of  undoped  GaAs,  then  7  /i  of  super¬ 
lattice  consisting  of  alternating  layers  of  100  A 
Alo,3Ga„67As  and  30  A  GaAs.  then  10  /am  of 
GaAs.  followed  by  7  /am  of  superlattice  cap.  In 
this  case  the  GaAs  wells  of  the  superlattice  are 
kept  very  narrow  so  that  only  the  10  /am  thick 
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GaAs  layer  later  supports  a  10  /im  wide  2DEG. 
After  growth  the  wafer  is  removed  from  the  ma¬ 
chine,  lapped  from  the  backside  to  a  thickness  of 
150  /im,  and  cleaved  into  rectangular  pieces  5 
mm  X  10  mm.  A  scratch  0.5  mm  long  is  made 
where  the  future  in  situ  cleave  is  to  occur.  After 
cleaning  these  pieces  are  mounted  using  Ga  metal 
solder  on  a  special  Ta  metal  substrate  holder.  The 
pieces  are  soldered  against  a  3  mm  high  Ta  brack¬ 
et  so  that  their  10  mm  length  extends  in  free  space 
normal  to  the  plane  of  the  sample  holder’s  front 
surface.  To  monitor  the  quality  of  the  growth,  and 
to  provide  a  surface  of  proper  emissivity  for  the 
pyrometer,  a  (110)  oriented  wafer  is  mounted  con¬ 
ventionally  with  Ga  solder  on  the  front  surface  of 
the  Ta  holder  not  occupied  by  the  edge  growth 
samples.  The  holder  is  in  all  other  respects  com¬ 
patible  with  the  Varian  Gen  II  sample  transfer 
equipment.  Thus  the  sample  is  put  into  the  load- 
lock  of  the  MBE  machine,  vacuum  outgassed,  and 
loaded  into  the  growth  chamber  in  the  usual  way. 

The  non-rotated  sample  holder  is  oriented  in 
the  growth  chamber  so  the  multilayer  side  of  the 
yet-to-be-cleaved  sample  pieces  do  not  see  any 
flux  from  the  Si  furnace.  The  oxide  from  the  (110) 
planar  sample  is  desorbed  at  ~  630  °C  in  the  Asj 
flux.  Subsequently,  the  substrate  temperature  is 
lowered  to  485  °C,  and  the  precleave  growth  on 
the  (110)  planar  substrate  begins.  The  precleave 
layer  sequence  is  as  follows:  3000  A  GaAs,  a  1300 
A  superlattice  consisting  of  alternating  layering  of 
100  A  Alo  ,Ga,|7As  and  30  A  GaAs,  and  finally  a 
1(K)0  A  GaAs  wide  layer  which  will  become  the 
2DEG  channel  in  the  (110)  planar  sample. 

All  growth  is  then  stopped  for  a  few  seconds 
during  the  cleave.  The  cleave  is  accomplished  by 
moving  a  Ta  metal  bar  against  the  upright  un¬ 
cleaved  pieces  along  a  path  parallel  to  and  -  7 
mm  above  the  front  surface  of  the  substrate  holder. 
Within  about  1-2  s  after  the  cleave,  the  MBE 
growth  resumes.  But  now  the  growth  proceeds  on 
both  the  newly  exposed  cleave  as  well  as  the 
adjacent  (110)  planar  wafer.  The  post-cleave  layer 
sequence  is  as  follows:  300  A  Alo  iGao7  As  un¬ 
doped  setback.  Si  5-doping  at  lO'^cm'^  3000  A 
Al„  3Ga„7As,  completed  by  a  50  A  GaAs  cap. 

Fig.  2  shows  standard  magneto-transport  mea¬ 
surements  on  the  (110)  planar  sample  using  both 


4-probe  and  2-probe  transport  geometries.  We 
show  this  comparison  for  reference  because  the 
growth  on  the  cleaved  surface  (see  fig.  3)  produces 
a  narrow  stripe  of  2D  electrons,  which  makes  the 
common  4-probe  measurement  very  difficult.  In 
the  less  conunon  2-probe  geometry  and 
are  admixed  as  seen  in  the  magneto-transport 
spectrum  in  fig.  3  marked  0°.  In  this  case  the 
magnetic  field  is  perpendicular  to  the  2D  electron 
system.  We  observe  the  characteristic  magnetic 
field  dependence  of  a  2D  electron  system  which 
resembles  the  Hall  resistance  in  a  4-probe  config¬ 
uration.  As  compared  to  fig.  2  the  mixing  of 
into  is  much  stronger  due  to  the  much  larger 
aspect  ratio  of  10  fim/600  gm  of  the  edge  sample 
as  compared  to  4  mm/ 4  mm  in  planar  sample. 
Nevertheless,  in  the  high-field  regime  a  clear 
plateau  of  7?^,.  =  h/le'  is  well  resolved  from 
which  we  can  deduce  the  electron  density  n  =  3.6 
X  10"  cm^“.  This  is  only  slightly  less  than  in  the 
simultaneously  grown  planar  sample  shown  in  fig. 
2.  From  the  resistance  of  the  600  fim  long,  10  /am 


Fig.  3.  Two-probe  magneto-resistance  data  of  a  two-dimen¬ 
sional  electron  gas  in  a  modulation-doped  sample  regrown 
with  MBE  on  a  (110)  surface  after  an  in  situ  edge  cleave. 
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wide  stripe  we  infer  a  mobility  of  ja  =  6.1  X  10* 
cm^/V  •  s;  slightly  in  excess  of  the  planar  sample. 
The  other  traces  show  the  magneto-resistance  of 
the  cleaved  sample  as  the  cleaved  surface  normal 
is  rotated  at  various  angles  away  from  the  direc¬ 
tion  of  the  magnetic  field.  The  magneto-resistance 
pattern  shows  the  orderly  cos  0  shift  which  is 
expected  from  a  2D  electron  gas  located  in  the 
plane  of  the  (110)  cleave.  The  lack  of  any  ad¬ 
ditional  oscillations  proves  that  the  2DEG  exists 
only  on  the  cleaved  surface  and  that  no  other 
2DEG  has  been  grown  accidentally  on  any  other 
of  the  exposed  surfaces. 

Having  established  that  our  MBE  growth  fol¬ 
lowing  an  in  situ  cleave  can  produce  high  quality 
material,  we  turned  our  attention  to  the  composi¬ 
tional  2D-superlattice  structure  shown  in  fig.  4. 
The  sample  preparation  is  similar  to  the  previous 
case  except  that  now  the  MBE  growth  before  the 
cleave  is  a  superlattice  consisting  of  the  repeating 
pair  71  A  GaAs/31  A  Alo  24Gao,76As.  This  super¬ 
lattice  is  grown  with  1  X  10'*  cm“*  Si  doping  for 
the  first  1  fim.  then  undoped  for  3  /am,  and  finally 
with  1  X  10'*  cm“  '  Si  doping  for  the  last  3  /am. 
After  growth  the  sample  is  prepared  for  cleaving 


0  2  4  6  8  10 

MAGNETIC  FIELD  (leslo) 

Fig.  5.  Magneto-resistance  of  the  modulation-doped  composi¬ 
tional  2D  superlattice. 


as  described  before  with  the  cleaned,  backside 
lapped,  5  mm  X  10  mm  pieces  mounted  so  their 
10  mm  lengths  point  toward  the  MBE  source 
ovens.  The  proper  conditions  for  (110)  epitaxy  are 
then  established  in  the  MBE  growth  chamber.  The 
cleave  and  post-cleave  growth  sequence  are  also 
the  same  as  before  except  that  now  the  undoped 
Alo,3jGa„ft7As  setback  is  reduced  to  250  A  to 
increase  the  2DEG  carrier  concentration. 


2-DEG 


SUBSTRATE 

Fig.  4.  Structure  of  the  modulation-doped  compositional  2D  superlattice. 
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Fig.  6.  Schematic  diagram  of  the  electron  orbit  corresponding 
to  the  Shubnikov-De  Haas  onset. 


The  magneto-transport  measurements  are  made 
using  diffused  contacts  to  the  n*  layers  shown  in 
fig.  4.  Fig.  5  shows  the  well  established  broad 
zero-resistance  minima  associated  with  the  ex¬ 
istence  of  a  quantum  Hall  effect  (QHE)  in  this 
compositional  2D-superlattice  sample.  The  spin 


splitting  corresponding  to  a  filling  factor  v  =  3  is 
clearly  resolved  at  4.06  T.  From  the  pieriod  of  the 
oscillations  we  deduce  a  2D  electron  density  of 
3.0  X  10”  cm~^.  The  onset  of  the  SdH  oscillations 
occurs  at  only  0.3  T  (see  inset  of  fig.  5).  Using  the 
classical  cyclotron  orbit  formula 

m  *v^/r  =  eBv , 

and  regarding  the  system  as  isotropic  with  an 
effective  mass  m*  =  0.07  we  deduce  a 
cyclotron  orbital  radius  of  r  =  m  *L'/eB.  Here  e  is 
the  electron  charge,  v  the  electron  velocity  which 
in  this  case  is  the  Fermi  velocity  =  2  x  10^  cm/s, 
and  B  is  the  magnetic  field.  At  the  onset  field 
B  =  0.3  T  the  orbital  radius  r  corresponds  to  = 
2500  A.  Thus,  at  onset,  the  nearly  circular  orbit 
(see  fig.  6)  must  cross  more  than  200  GaAs/ 
AlGaAs  interfaces  while  maintaining  sufficient 
phase  coherence  to  show  a  distinct  oscillation  in 
magneto-transport. 

Due  to  the  contact  resistance  no  direct  measure 
of  the  sample  mobility  is  available  for  the  2D 
superlattice.  However,  we  can  obtain  a  lower 
bound  estimate  by  assuming  =  1.  at  the  onset 
of  the  SdH  oscillations.  Recalling  eB/m*  =  u 
from  the  cyclotron  formula  and  using  the  resulting 


Fig.  7.  Proposed  structure  of  a  modulation-doped  quantum  wire  <]DFG)  that  is  longitudinally  modulated  with  an  adjacent 

superlaitice. 
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relaxation  time  as  a  lower  limit  for  the  mobility 
scattering  time  t,  we  arrive  at  ti  =  eT,/m*> 
er^/m*  =  33.000  cmVv  •  s.  As  is  known  from  the 
literature  [9],  this  procedure  characteristically 
vastly  underestimates  the  true  mobility.  From  the 
spectrum  in  fig.  5  it  is  clear  in  any  case  that  the 
compositional  2D  superlattice  of  fig.  4  is  of  excel¬ 
lent  quality  which  justifies  a  serious  look  for  the 
long  predicted  Bloch  oscillation  radiation  [10.11] 
that  such  structures  are  expected  to  emit  under 
proper  bias. 

We  conclude  with  a  proposal  for  a  still  more 
complex  compositional  superlattice  structure.  This 
structure  shown  in  fig.  7  employs  an  adjacent 
superlattice  to  longitudinally  modulate  a  modula¬ 
tion-doped  quantum  wire  or  1  DEG.  The  proposal 
is  complex  because  its  physical  realization  involves 
three  separate  MBE  growths  separated  by  2  in  situ 
cleaves.  It  is  definitely  worth  the  effort,  however, 
as  a  superlattice  modulated  IDEG  is  the  most 
ideal  realization  of  the  Bloch  oscillator  concept. 
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We  report  RHEHD  studies  on  the  growth  of  GalnAs  on  GaAs  over  a  range  of.  grow  th  conditions.  Above  about  550  °C  there  is  a 
Steads  fall  in  In  incorporation  and  a  temperature-dependent  reconstruction  change  from  an  As  .stable  2x4  to  an  In  stable  4x2. 
Recovers  time  data  indicate  that  the  In  surface  concentration  is  highe.sl  at  and  decreases  at  higher  temperatures  due  to 

increasing  re-evaporation  rale.  .\n  upturn  in  recoverv  time  at  longer  deposition  limes  and  lower  temperatures  may  be  due  to  strain 
limited  ncorporalion.  Compositional  homogeneity  of  GalnAs/Ga.As  quantum  wells  grown  with  full  and  partial  In  incorporation 
show  marked  differences  which  are  discussed  in  relation  to  the  above  results. 


1.  Introduction 

The  growth  and  characterisation  of  strained 
layer  structures  has  been  the  subject  of  a  great 
deal  of  study  in  recent  years.  One  of  the  most 
widely  studied  systems  has  been  GalnAs/GaAs 
which  has  a  number  of  potential  device  applica¬ 
tions  such  as  pseudomorphic  HEMTs  and  strained 
layer  lasers.  The  incorporation  of  In  into  GalnA.s 
is  comple.x  and  has  been  the  subject  of  many 
studies  using  RHEED  surface  reconstruction  and 
oscillation  data.  The  gradual  decrease  of  InAs 
growth  rate  as  a  function  of  temperature  has  been 
observed  by  a  number  of  authors  [13]  and  ap¬ 
pears  to  be  a  significant  effect  above  about  550  °C. 
Below  this  temperature,  many  groups  have  ob¬ 
served  a  transition  from  a  two-dimensional  to 
three-dimensional  growth  mode  [4-  7]  at  a  “critical 
thickness  thought  to  be  related  to  the  onset  of 
misfit  dislocation  generation.  Above  this  tempera¬ 
ture  a  transition  from  an  As  stable  2x4  to  a 
metal  stable  4x2  has  been  reported  [2.61.  This 
has  been  linked  to  the  presence  of  In  on  the 
growing  surface  and  indeed  In  surface  segregation 
has  been  reported  to  (X'cur  at  higher  growth  lem- 
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peratures  [3.6.H.9].  In  addition,  in  this  materials 
system,  the  further  effect  of  strain  must  be  consid¬ 
ered  to  possibly  influence  the  grow  th  mode  [3.10). 
It  is  clearly  important  to  determine  the  In  content 
of  these  strained  layers  as  accurately  as  possible  in 
order  to  allow  meaningful  interpretation  of  optical 
and  electrical  data.  In  this  work  we  have  used 
RHEED  studies  on  GalnA.s  in  order  to  investigate 
the  incorporation  behaviour  of  In  under  a  variety 
of  growth  conditions.  These  results  have  then  been 
related  to  the  actual  In  content  of  GalnAs/GaAs 
multiple  quantum  well  (MQW)  structures  grown 
under  conditions  of  both  full  and  partial  incorpo¬ 
ration  of  In.  In  contents  of  these  structures  were 
directly  determined  by  low  temperature  photo- 
lumincscenee  (LTPL)  and  X-Ray  diffraction 
(XRD)  techniques. 

2.  Experimental 

Layers  for  this  work  were  grown  in  a  commer¬ 
cial  3  inch  MBE  system  equipped  with  a  15  kV 
electron  gun  for  RHEED  analysis.  Diffraction 
patterns  were  viewed  on  a  coated  phosphor  screen 
and  RHEED  intensity  o.scillations  were  monitored 
via  an  optic  fibre  coupling  and  a  photomultiplier. 
Undoped  GaA.s(OOl)  substrates  were  In  mounted 
on  to  a  bonded  platten  for  RHEED  studies  but 
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were  fitted  in  non-bonded  2  inch  holders  for 
growth  of  complete  MQW  structures.  The  sub¬ 
strate  was  rotated  during  growth  of  the  MQWs. 
Growth  rates  were  measured  using  the  RHEED 
oscillation  technique  and  were  1  monolayer  per 
second  (ML/s)  for  the  GaAs.  InAs  growth  rates 
that  are  quoted  in  the  text  were  deduced  from 
GaAs  and  GalnAs  RHEED  oscillations  at  a  sub¬ 
strate  temperature  below  that  at  which  In  re¬ 
evaporation  occurs.  All  growth  occurred  under  an 
overpressure  of  AS4  and  a  V/III  beam  flux  of 
about  15-20/1  was  maintained  during  layer  de¬ 
position.  The  LTPL  measurements  were  made  at  4 
K  using  a  He-Ne  laser,  as  the  excitation  source. 
XRD  measurements  were  made  by  double-crystal 
diffractometer  using  Cu  Ka  radiation  and  simula¬ 
tion  of  the  rocking  curves  with  dynamical  theory 

im. 

3.  Results 

3.1.  Surface  studies 

Several  papers  have  previously  reported  the  de¬ 
crease  of  InAs  growth  rate  as  a  function  of  sub¬ 
strate  temperature  and  those  experiments  were 
repeated  here  initially  to  give  some  reference  point 
for  substrate  temperatures  in  the  following  experi¬ 
ments.  The  InAs  growth  rate  was  deduced  from 
the  RHEED  oscillation  period  of  GalnAs  over  a 
range  of  substrate  temperatures  and  was  found  to 
start  to  drop  significantly  above  about  550  °C 
decreasing  by  a  factor  of  2  by  590  °C.  We  also 
found  that  in  the  partial  In  incorporation  regime 
the  RHEED  oscillations  terminate  abruptly  after 
a  certain  time  and  the  reconstruction  changes  from 
2  X  4  to  4  X  2.  The  time  for  this  to  occur  decrea.scs 
with  both  increasing  In  flux  and  increasing  .sub¬ 
strate  temperature  consistent  with  non-incorpo- 
rated  In  .segregating  to  the  surface.  These  data  in 
them-selves  do  not  prove  that  In  segregation  is 
Occurring  .since  increased  As  loss  from  the  InAs 
component  of  the  material  could  also  result  in  a 
group  111  stable  surface.  We  therefore  carried  out 
a  series  of  experiments  to  examine  the  time  it 
takes  for  the  GalnAs  surface  to  recover  the  2x4 
reconstruction  from  the  In  stable  4x2  after  either 
the  In  or  both  the  In  and  Ga  fluxes  are  terminated. 


Deposition  time  (s) 

Fig.  1.  Time  for  surface  reconstruction  to  return  to  2x4 
following  termination  of  the  In  flux  (dashed  line)  or  Ga  and  In 
fluxes  (solid  line).  Substrate  temperatures  are  560  (•). 

580°C(A)and  600°C{«). 


Recovery  times  were  measured  as  a  function  of 
deposition  times  up  to  60  s  using  an  In  flux 
equivalent  to  0.36  ML/s.  The  data  are  pre.sented 
in  fig.  1  for  three  different  substrate  temperatures. 
The  long  recovery  times  in  these  cases  would 
appear  to  confirm  that  In  surface  segr  gallon  is 
occurring.  The  recovery  time  becomes  longer  as 
the  substrate  temperature  is  lowered  for  both  In 
off  and  total  growth  stop  situations.  This  result 
clearly  implies  that  the  surface  In  population  is 
larger  at  560  °C  than  at  600  °C  so  that  although 
the  amount  of  In  .segregating  mu.st  be  lower  at  the 
lower  temperature,  this  is  more  than  compensated 
for  by  the  lower  re-evaporation  rale.  This  result  is 
in  general  agreement  with  the  data  of  Ebner  and 
Arthur  [3].  When  the  Ga  flux  remains  incident  on 
the  surface,  as  would  be  the  case  in  the  growth  of 
GalnAs/GaAs  quantum  wells,  the  recovery  time 
is  longer  for  all  temperatures.  The  recovery  time 
appears  constant  with  deposition  time  for  higher 
temperatures  or  shorter  deposition  times  implying 
a  constant  In  surface  population  is  maintained 
under  the.se  conditions.  This  situation  does  not 
seem  to  hold  for  either  longer  deposition  times  or 
lower  temperatures  especially  in  the  ca.se  of  the 
GaAs  grow'lh  continuing.  The  marked  increa.ses  in 
recovery  lime  in  these  cases  suggests  a  gradual 
build  up  of  surface  In.  This  could  be  related  to  a 
strain  induced  reduction  in  In  incorporation  which 
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might  be  expected  to  be  more  pronounced  at 
lower  temperatures  where  the  initial  incorporation 
of  In  is  higher.  Chang  et  al.  [5]  have  reported  that 
surface  recovery  times  increase  with  increasing 
strain  and  have  proposed  an  island  growth  mode 
for  strained  GalnAs  at  higher  temperatures,  in  the 
case  where  the  Ga  flux  is  left  on  and  the  GaAs 
continues  to  grow,  then  the  re-evaporation  of  In  is 
suppressed  resulting  in  longer  recovery  times  com¬ 
pared  to  the  total  growth  stop  situation  for  the 
same  In  surface  coverage. 

3.2.  MQW  studies 

It  is  apparent  from  the  above  data  that,  for 
growth  of  GalnAs  at  higher  temperatures,  the  In 
incorporation  behaviour  is  complex  and  involves 
segregation,  re-evaporation  and  possibly  strain  and 
thickness  dependent  effects.  This  section  of  work 
describes  the  growth  and  compositional  analysis 
of  two  typical  GalnAs/ GaAs  strained  layer  struc¬ 
tures  grown  at  temperatures  above  and  below  the 
point  at  which  In  re-evaporation  and  segregation 
becomes  significant.  The  layers  were  both  twenty 
period  GalnAs/ GaAs  MQW  structures  with  100 
A  barriers  and  20-25  A  wells.  Growth  was  started 
with  a  1  fim  GaAs  buffer  and  terminated  with  a 
200  A  GaAs  cap.  The  structures  were  not  inten¬ 
tionally  doped  and  were  grown  at  530  °  C  (M247) 
or  580 °C  {M149).  The  InAs  growth  rates  were  set 
at  0.13  ML/s  for  the  low  temperature  sample  and 
at  0.21  ML/s  for  the  high  temperature  sample  in 
order  to  try  and  compensate  for  some  of  the  In 
loss.  The  layers  were  cleaved  in  half  and  sectioned 
into  1  cm  square  pieces  for  examination  by  XRD 
in  order  to  determine  the  mean  (well  +  barrier)  In 
content  of  each  piece.  The  results  were  then  ex¬ 
trapolated  to  a  whole  2  inch  wafer  a  3D  graphical 
plot  generated  of  In  composition  as  a  function  of 
position  on  the  slice.  The  mean  In  composition 
was  also  confirmed  by  atomic  absorption  spec¬ 
troscopy  while  direct  measurement  of  well  com¬ 
position  was  obtained  from  LTPL  for  comparison 
with  the  XRD  data  [12].  The  plot  for  M247  can  be 
seen  in  fig.  2  and  shows  that  good  lateral  uniform¬ 
ity  is  obtained  with  the  mean  In  content  being 
2.3%  with  variations  of  about  1%  in  absolute  In 
content.  LTPL  on  this  wafer  shows  sharp  ex- 


Fig.  2.  Mean  In  content  across  2  inch  wafer  for  GalnAs/GaAs 
MQW  sample  grown  at  530“  C  (M247). 


citonic  features  with  less  than  1  meV  shift  in 
transition  energy  across  the  wafer  indicating  little 
lateral  In  content  fluctuation.  The  results  for  the 
wafer  grown  at  580  ®C  are  quite  different  (fig.  3) 
showing  a  mean  In  content  of  about  1%  with  up  to 
50%  variation  in  absolute  In  content  across  the 
slice.  LTPL  on  this  wafer  also  shows  quite  differ¬ 
ent  behaviour  with  significant  exciton  peak  posi¬ 
tion  shifts  up  to  3  or  4  meV  across  the  wafer 
indicating  variations  in  well  In  content  of  up  to 
50%.  These  data  correlate  well  with  the  large  lateral 
mean  In  content  variations  which  have  been  mea- 


Fig,  3.  Mean  In  content  across  2  inch  wafer  for  GalnAs/GaAs 
MQW  sample  grown  at  580  “C  (M149). 
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sured  by  XRD.  Despite  these  large  fluctuations  in 
In  content  the  optical  efficiency  of  this  sample 
remains  high.  We  also  see  some  fine  structure  in 
the  spectra  of  both  samples  which  suggests  some 
smaller  inter-  or  intra-well  fluctuations  in  In  con¬ 
tent  of  about  0.5%,  similar  to  that  which  we  have 
previously  reported  [13]. 

These  results  clearly  show  that  growth  of 
GalnAs/GaAs  MQW  structures  at  high  substrate 
temperatures  produces  both  a  reduction  in  In  in¬ 
corporation,  as  expected,  but  also  large  lateral 
compositional  inhomogeneities.  The  origin  of  these 
composition  variations  is  difficult  to  determine 
from  the  current  data  but  could  be  related  to 
temperature  variations  across  the  wafer  during 
growth.  This  posibility  is  currently  being  investi¬ 
gated. 

4.  Conclusions 

We  have  studied  the  incorporation  behaviour  of 
In  in  InGaAs  using  RHEED  oscillation  and  re¬ 
covery  data.  Above  a  temperature  of  about  550  ®  C 
In  begins  to  segregate  to  the  surface  of  the  grow¬ 
ing  layer  and  forms  an  in  surface  population.  This 
In  surface  population  is  dependent  on  the  compet¬ 
ing  processes  of  segregation  and  re-evaporation 
but  appears  to  increase  with  both  In  flux  and 
deposition  time.  When  growth  is  terminated  there 
is  a  finite  time  in  which  the  In  surface  population 
decreases  which  becomes  larger  as  the  substrate 
temperature  is  lowered.  The  surface  population 
therefore  appears  to  be  largest  at  560  °C  due  to 
segregation  and  then  decreases  up  to  600  °C  as  a 
result  of  increasing  rate  of  re-evaporation.  In  ad¬ 
dition.  a  gradual  increase  in  recovery  time  as 
deposition  time  increases  is  observed  for  lower 
temperatures  or  higher  In  fluxes.  This  may  be  due 
to  strain  limited  incorporation  effects  becoming 
dominant  especially  since  this  is  most  marked  in 
the  case  of  continuing  GaAs  growth,  with  the 
associated  large  increases  in  strain  between 
the  overlayer  and  the  growing  GaAs  surface. 
GalnAs/GaAs  multiple  quantum  well  structures 
growm  below  and  above  the  In  evaporation  tem¬ 
perature  show  very  marked  differences  in  In  con¬ 
tent  and  uniformity.  Layers  grown  at  530  °C  show 


a  mean  In  content  which  agrees  well  with  the 
measured  InAs  growth  rate  and  good  uniformity 
while  those  grown  at  580  °C  show  a  significant 
drop  in  In  content  in  addition  to  large  variations 
in  mean  In  content  of  up  to  50%  across  the  wafer 
as  measured  by  XRD.  LTPL  data  agree  well  with 
the  XRD  results  but  also  show  that  high  optical 
quality  material  is  still  obtained  at  high  tempera¬ 
tures.  Sharp  PL  lines  suggest  that  the  lateral  In 
variation  is  on  a  much  coarser  scale  than  the  50 
jam  PL  probe  size.  There  is  also  some  indication  of 
small  well-to-well  fluctuations  being  present  in  all 
samples.  The  In  incorporation  into  quantum  wells 
at  high  temperature  is  clearly  complex  and  is 
strongly  affected  by  the  segregation  and  re¬ 
evaporation  which  is  observed  by  RHEED  for 
GalnAs  growth.  Further  experiments,  possibly 
using  modulated  beam  mass  spectrometry  tech¬ 
niques  are  required  to  determine  In  surface  life¬ 
times  and  re-evaporation  rates  directly. 
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Narrow  luminescence  linewidth  in  GaAs  single  quantum  wells 
by  insertion  of  thin  AlAs  smoothing  layers 

K.  Ploog,  A.  Fischer,  L.  Tapfer  and  B.F.  Feuerbacher 

Max-Planck-Institut  fur  Festkorperforschung,  W-7000  Stuttgart  80,  Germany 


We  propose  a  new  approach  to  produce  high-quality  GaAs  single  quantum  wells  with  smooth  interfaces  by  molecular  beam 
epitaxy,  avoiding  long  growth  interruption  times.  The  insertion  of  ultrathin  AlAs  smoothing  layers  at  the  constituent 
GaAs/Al^Ga|_,As  heterointerfaces  and  growth  interruptions  of  not  more  than  15  s  yields  an  improvement  of  the  luminescence 
linewidth  (FWHM)  to  0.56  meV  for  a  13  nm  wide  GaAs  well  and  to  a  value  as  low  as  0.195  meV  for  a  27  nm  wide  GaAs  well.  In 
addition,  no  Stokes  shift  between  absorption  and  emission  and  no  line  splitting  due  to  monolayer  fluctuations  in  the  well  width  are 
observed. 


1.  Introduction 

The  potential  for  exciton  confinement  in  quan¬ 
tum  wells  (QWs)  made  of  III-V  semiconductors  is 
often  not  ideal.  The  potential  perturbation 
originates  from  microscopic  well  width  fluctua¬ 
tions  due  to  the  existence  of  growth  islands  of 
different  lateral  extent  at  the  interfaces  and  from 
statistical  composition  fluctuations  of  ternary  al¬ 
loy  (e.g.  Alj,Ga,_^As)  barriers.  This  interface 
roughness  has  a  strong  impact  on  the  electronic 
properties  of  GaAs/Al  ,Ga,_^As  heterostructures 
and  superlattices  (SLs),  including  broadening  or 
splitting  of  excitonic  luminescence  lines  [1],  irregu¬ 
larities  in  luminescence  quenching  under  reso¬ 
nance  conditions  [2],  perpendicular-localization  of 
excitons  in  SLs  [3],  variations  of  tunnebng  times 
induced  by  barrier  width  fluctuations  [4],  and 
modification  of  exciton  dynamics  through  inho¬ 
mogeneous  broadening  of  exciton  states  [5). 

The  currently  accepted  status  of  optimized  con¬ 
ditions  during  conventional  molecular  beam  epi¬ 
taxy  (MBE)  is  the  application  of  growth  interrup¬ 
tion  for  generation  of  growth  islands  with  atomi¬ 
cally  flat  terraces  of  area  comparable  to  or  larger 
than  the  exciton  diameter  [6]  and  sometimes  the 
additional  use  of  all-binary  AlAs/ GaAs  short- 
period  SL  barriers  {3].  However,  although  inter¬ 
ruption  of  the  group  III  flux  for  a  few  minutes  can 


result  in  a  smoothing  of  the  interfaces,  there  is 
also  a  concomitant  increase  of  the  impurity  con¬ 
centration  at  the  interfaces,  incorporated  from 
gaseous  background  species  of  the  vacuum  system. 
Moreover,  the  interface  and  bulk  composition  of 
the  ternary  alloy  can  differ  considerably  because 
of  surface  segregation  [7],  i.e.  the  most  weakly 
bound  group  III  element  segregates  at  the  surface 
during  growth  interruption.  Recent  structural  in¬ 
vestigations  by  high-resolution  transmission  elec¬ 
tron  microscopy  (HRTEM)  [8]  of  the  samples 
originally  grown  by  Tu  et  al.  [9]  did  not  confirm 
the  existence  of  atomically  abrupt  material  trtmsi- 
tions  and  flat  terraces  of  large  area.  In  addition, 
the  splitting  of  the  luminescence  lines  due  to 
monolayer  fluctuations  in  the  same  sample  was 
found  to  vary  considerably  and  not  in  integer 
steps  as  a  function  of  position  of  the  laser  spot  on 
the  wafer  [10]. 

The  latter  two  findings  led  to  the  conclusion 
that  apparently  even  the  island  regions  are  rough 
on  atomic  scale  (note  the  difference  in  length 
scale:  for  excitonic  properties  the  roughness  over 
the  exciton  diameter  is  crucial,  whereas  for  electri¬ 
cal  transport  properties  the  roughness  over  the 
Fermi  wavelength  becomes  important).  We  have, 
therefore,  developed  a  new  approach  for  obtaining 
smooth  GaAs/Al_,Ga,_,As  heterointerfaces  on 
the  length  scale  of  the  exciton  diameter,  avoiding 
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long  growth  interruptions.  The  insertion  of  ultra- 
thin  AlAs  smoothing  layers  at  the  constituent  in¬ 
terfaces  yields  an  improvement  of  the  lumines¬ 
cence  linewidth  to  0.56  MeV  for  a  13  nm  wide 
GaAs  single  quantum  well  (SQW)  and  to  a  value 
as  low  as  0.195  MeV  for  a  27  nm  wide  well.  In 
addition,  no  Stokes  shift  between  absorption  and 
emission  and  no  line  splitting  due  to  monolayer 
fluctuations  in  the  well  width  are  observed. 


2.  Experiment 

The  GaAs  SQWs  of  the  present  study  are  grown 
in  a  three-chamber  MBE  system  similar  to  that 
described  previously  [11]  using  tetrameric  arsenic 
and  elemental  .\1  and  Ga  sources.  The  exactly 
(001)  oriented  [<0.1°  off]  semiinsulating  GaAs 
substrate  is  heated  to  600  °C  without  In  soldering. 
The  growth  rates  of  1  ML/  s  for  GaAs,  0.5  ML/s 
for  AlAs  and  1.5  ML/s  for  Al<Ga,_,As  with 
X  =  0.3  have  been  calibrated  by  measurements  of 
the  RHEED  intensity  oscillations  and  by  layer 
thickness  measarements  in  previous  growth  runs. 
The  layer  sequence  of  the  sample  comprising  three 
GaAs  SQWs  of  44.  27,  and  13  nm  width  is  as 
follows:  the  aiffer  layer  next  to  the  substrate 
consists  of  6U  periods  of  10  ML  GaAs/10  ML 
AlAs  short-period  superlattice  (SPS).  0.7  jrm 
Al,Ga|_,As,  and  another  60  pteriods  of  10  ML 
GaAs/10  ML  AlAs  SPS.  Then  0.2  pim  GaAs,  0.1 
fim  AljGa,.  .^s,  and  the  44  nm  GaAs  QW 
sandwiched  between  3  ML  AlAs  follow.  This  first 
wide  QW  is  separated  by  30  nm  Al,Ga|_,As 
from  the  second  GaAs  QW  of  27  nm  width  also 
sandwiched  between  3  ML  AlAs.  Another  30  nm 
Al,Ga,^,As  i’arrier  separates  the  final  13  nm 
GaAs  QW  surrounded  again  by  3  ML  AlAs 
smoothing  la  ers.  The  top  layer  is  0.1  fim 
AI^Ga,  ^  ,  As  ;.nd  2  nm  GaAs.  At  each  constituent 
interface  the  g*oup  III  flux  is  interrupted  for  12  to 
15  s,  mainly  in  order  to  adjust  and  synchronize  the 
position  of  the  rotating  (6  rpm)  substrate  to  the 
appropriate  layer  thickness.  The  structural  param¬ 
eters  of  the  whole  epilayer,  including  the  thick¬ 
nesses  of  the  constituent  GaAs,  Al,Ga|  _ ,  As,  and 
AlAs  layers  are  determined  by  high-re.solution 
double-crystal  X-ray  diffraction  using  Cu  Ka, 
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Fig.  1.  X-ray  diffraction  patterns  of  the  studied  epilayer  taken 
with  Cu  Ka,  radiation  in  the  vicinity  of  the  (400)  GaAs 
reflection;  (a)  overall  diffraction  pattern  including  satellite 
peaks:  (b)  very  close  to  (400)  GaAs  reflection  on  expanded 
scale. 


radiation  [12].  The  photoluminescence  (PL)  and 
photoluminescence  excitation  (PLE)  experiments 
are  carried  out  in  a  He  bath  cryostat  at  2.1  K.  The 
sample  is  excited  with  a  CW  Styryl  9  dye  laser 
pumped  by  an  Ar"^  ion  laser  using  CAcitation 
densities  below  5  W/cm^  for  direct  excitation  of 
the  respective  SQW.  The  luminescence  is  disper¬ 
sed  by  a  0.85  m  double  monochromator  and  de¬ 
tected  with  a  cooled  GaAs  photomultiplier  tube. 
The  spectral  resolution  of  the  PL  experiments  is 
approximately  0.05  MeV  and  the  width  of  the 
PLE  spectra  is  limited  by  the  1  meV  bandwidth  of 
the  exciting  dye  laser. 


3.  Results 

In  fig.  1  we  show  the  X-ray  diffraction  patterns 
of  the  epilayer  recorded  around  the  (400)  reflec¬ 
tion.  Besides  the  substrate  peak  and  the  main 
epitaxial  layer  peaks,  the  spectrum  of  fig.  la  ex¬ 
hibits  the  + 1  and  —  1  satellite  peaks  of  the  two 
GaAs/ AlAs  short-period  superlattices  composing 
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the  buffer  layer  next  to  the  substrate.  The  angular 
distance  between  the  first-order  satellite  peaks 
gives  the  superlattice  period  of  A^l  =  5.4  nm.  The 
detailed  features  of  the  diffraction  pattern  very 
close  to  the  (400)  GaAs  reflection  are  displayed  in 
fig.  lb.  The  observed  peaks  can  be  attributed  to 
individual  layers  only  by  using  a  computer  simula¬ 
tion  based  on  the  dynamical  diffraction  theory 
[12].  We  indicate  the  zeroth-order  superlattice  pieak 
SLq  and  the  peak  of  the  ternary  Al^Ga,_^As 
layers  (x  =  0.3).  The  other  peaks  are  Pendellosung 
fringes  caused  by  the  interference  of  the  X-rays 
between  epitaxial  layers  with  different  lattice 
parameters,  i.e.  different  mole  fractions  x  [12]. 
The  observation  of  these  interference  features 
clearly  indicates  the  high  structural  perfection  and 
the  chemical  homogeneity  of  the  entire  hetero¬ 
structure.  Due  to  the  complicated  buffer  layer 
sequence,  the  three  GaAs  SQWs  cannot  be  re¬ 
solved  in  the  present  case.  However,  extrapolation 
of  the  data  obtained  for  the  buffer  SPS  and  the 
ternary  Al,Ga,_  ,  As  layers  gives  us  the  widths  of 
the  three  GaAs  SQWs  to  43.8,  27.3,  and  13.8  nm. 
respectively,  and  of  the  Al^Ga,.,As  barriers  to 
30.7  nm  as  well  as  the  thickness  of  the  thin  AlAs 
smoothing  layers  at  the  GaAs/AI  ^Ga, . ,  As  inter¬ 
faces  to  be  3  ML.  All  these  values  are  in  good 
agreement  with  the  nominal  values. 

In  fig.  2  we  show  the  PL  and  PLE  spectra 
obtained  from  the  27  nm  GaAs  SQW  at  2.1  K. 
The  energy  of  the  exciting  laser  line  is  always 
below  the  bandgap  of  the  A1  ,Ga,  ^  ,  As  barriers  so 
that  each  GaAs  QW  is  excited  directly  and  selec¬ 
tively.  The  energies  of  the  lowest  electron  to 
heavy-hole  ( )  and  electron  to  light-hole  ( £,|h ) 
transitions  and  the  full  widths  at  half  maximum 
(FWHM)  of  the  respective  £1^,^  luminescence 
transitions  are  summarized  in  table  1  for  the  three 
Ga.As  SQWs  of  the  present  study.  Inspection  of 
the  spectral  features  depicted  in  fig.  2  reveals  the 
important  results  of  the  present  study.  First,  there 
is  no  Stokes  .shift  between  the  transitions 
observed  in  luminescence  and  in  luminescence  ex¬ 
citation.  Second,  to  our  knowledge  the  spectral 
widths  (FWHM)  for  these  single  quantum  wells 
measured  directly  are  narrower  than  those  re¬ 
ported  previously  [13]  and  thus  constitute  the  nar¬ 
rowest  linewidths  to  date.  Third,  even  under  widely 
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Fig.  2.  Low-temperature  PL  and  PLE  spectra  taken  from  27 
nm  GaAs  SQW.  PL  excitation  i.s  at  1.53500  eV  with  7  W/cm’. 

Detection  for  PLE  (dotted  vertical  line)  is  set  at  1.52091  eV. 

varying  excitation  conditions  there  is  no  line  .split¬ 
ting  of  the  PL  and  of  the  PLE  spectra  arising  from 
any  changes  of  the  well  width  by  one  monolayer. 
The  application  of  the  PLE  leads  to  the  unam¬ 
biguous  identification  of  free  excitons  from  large 
areas  which  are  uniform  in  well  width.  The  inser¬ 
tion  of  3  ML  AlAs  at  both  GaAs/ A1  ,Ga, ^  As 
heterointerfaces  obviously  results  in  a  smoothing 
of  the  interfaces  to  better  than  one  monolayer 
over  very  large  lateral  regions.  On  the  other  hand, 
this  ultrathin  smoothing  layer  has  only  a  minor 
effect  on  the  barrier  height  of  the  ternary 
Al,Ga,  ,As  (direct  gap  for  .v  =  0.3)  and  on  the 
lattice  strain  which  might  be  imposed  on  GaAs 
SQWs  confined  by  thicker  AlAs  barriers. 

Table  1 

Observed  well  widths  (by  X-ray  diffraction)  and  lowesi- 
energy  electron  to  heavy-hole  (f|hh)  electron  to  li^thole 
(£)]!,)  free-exciton  transitions  in  the  three  GaAs  single  quan¬ 
tum  wells  at  2.1  K;  also  given  is  the  line-width  (FWHM)  of  the 
£'ih},  PL  transition 


(nm) 

£,hh  t^'V) 

FWHM  (meV) 

13.8 

1.54361 

0.56 

1.553.35 

27.3 

1.52173 

0.195 

1.52446 

43.8 

1.51702 

0.28 

1.51801 
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In  the  low-temperature  PL  spectra  obtained 
from  these  high-quality  GaAs  SQWs  we  always 
observe  a  low-energy  line  which  is  red-shifted  by 
0.87  MeV  for  the  44  nm  well,  by  1.24  MeV  for  the 
27  nm  well,  and  by  1.42  meV  for  the  13  nm  well. 
These  low-energy  features  do  not  contribute  to  the 
PLE  spectra  and  they  readily  saturate  in  lumines¬ 
cence  with  increasing  excitation  intensity.  We, 
therefore,  assign  them  to  excitons  bound  to  shal¬ 
low  donors  (impurities  or  donor-like  defects).  If 
we  assume  the  observed  red-shift  to  be  compara¬ 
ble  to  the  shallow-donor-level  binding  energies  in 
GaAs  QWs.  these  values  are  in  good  agreement 
with  recent  calculations  [14]  (see  impurity  position 
at  Cfi  =  s  in  table  lb  of  this  reference). 

4.  Conclusions 

We  have  developed  a  method  to  considerably 
reduce  the  overall  value  of  interrupted  growth  for 
high-quality  GaAs  SQW's  during  molecular  beam 
epitaxy.  The  insertion  of  ultrathin  AlAs  smooth¬ 
ing  layers  (3  ML)  at  the  constituent  GaAs/ 
AI.Ga,  ,As  heterointerfaces  and  growth  inter¬ 
ruptions  of  not  more  than  15  s  yields  an  improve¬ 
ment  of  the  PL  linewidth  (FWHM)  to  0.56  meV 
for  a  1?  nm  wide  GaAs  well  and  to  a  value  as  low 
as  0.195  meV  for  a  27  nm  wide  GaAs  well.  In 
addition,  no  Stokes  shift  between  absorption  and 
emissiv.n  and  no  line  splitting  due  to  monolayer 
fluctuations  in  the  well  width  is  ob.served.  The 
detailed  mechanism  for  the  observed  interface 
smtxnhing  is  at  present  not  fully  understood.  The 
ultrathin  AlAs  layers  certainly  eliminate  statistical 
compijsition  fluctuations  of  ternary  alloy  inter¬ 
faces  as  well  as  problems  arising  from  surface 
segregation.  On  the  microscopic  scale,  the  differ¬ 
ent  incorpo’-ation  behaviour  of  Al  during  MBE 
may  induce  a  preferential  filling  of  areas  not 
covered  by  monolayer  islands.  This  mechanism 
would  involve  three  monolayers  in  growth  direc¬ 
tion  and  would  re.sult  in  a  .smooth  averaged  Al 
mole  fraction  along  the  interfaces. 
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Characterization  of  lateral  correlation  length  of  interface  roughness 
in  MBE  grown  GaAs/AlAs  quantum  wells  by  mobihty  measurement 
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The  correlation  length  (A)  of  interface  rou^iness  in  GaAs/AlAs  quantum  wells  (QW$)  prepared  by  molecular  beam  epitaxy 
(MBE)  was  studied  by  measuring  and  analyzing  the  electron  concentration  dependences  of  mobilities.  When  the  bottom  AlAs  barrier 
of  QWs  is  prepared  by  alternate  beam  MBE  and/or  by  the  use  of  superlaitice  buffer  beneath  the  QW,  the  mobility  of 
two-dimensional  electrons  is  substantially  enhanced.  The  lateral  correlation  length  A  of  such  samples  is  found  to  become  as  large  as 
200-  3(X)  A.  We  have  found  that  A  of  the  bottom  (GaAs-on-AlAs)  interface  of  the  QW  is  about  70  A  when  prepared  by  conventional 
MBE. 


In  a  variety  of  quantum  heterostructures,  most 
of  the  electronic  and  optical  properties  are  de¬ 
termined  by  the  interaction  of  electrons  with  het¬ 
erointerfaces  [1].  Hence,  the  understanding  of  the 
atomic  structures  of  interfaces  and  their  controls 
is  extremely  important.  Key  parameters  to  char¬ 
acterize  interface  roughness  are  the  amplitude  and 
the  lateral  correlation  length.  Interfaces  of 
GaAs/AlAs  quantum  wells  (QWs)  grown  by  con¬ 
ventional  molecular  beam  epitaxy  (MBE)  have  a 
roughness  of  monoatomic  fluctuation.  This  results 
in  the  broadening  of  photoluminescence  (PL) 
spectra  [2,3]  and  a  substantial  decrease  in  mobil¬ 
ity.  particularly  in  the  case  of  thin  QWs  [4].  From 
PL  studies  in  GaAs/AlAs  QWs,  it  is  established 
that  the  GaAs  surface  or  AlAs-on-GaAs  (top) 
interface  can  be  made  atomically  flat  by  growth 
interruption  (GI),  whereas  the  roughness  on  the 
AlAs  surface  or  GaAs-on-AlAs  (bottom)  interface 
has  a  short  correlation  length  A  (  <  100  A)  and  is 
difficult  to  smooth  out  at  the  growth  temperature 
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of  600  °C  [5].  Our  earlier  mobility  study  has  clari¬ 
fied  that  A  of  roughness  at  the  bottom  interface  is 
typically  50-70  A  [4]. 

We  present  in  the  first  part  of  this  paper  our 
continuing  effort  to  determine  the  correlation 
length  by  measuring  and  analyzing  the  mobility  as 
a  function  of  electron  concentration.  In  the  second 
part,  we  study  the  possibility  of  the  enhancement 
of  surface  migration  of  adatoms  by  modification 
of  MBEs.  In  particular,  we  evaluate  the  influence 
of  the  periodic  reduction  of  arsenic  pressure  [6,7], 
referred  to  as  alternate  beam  MBE  or  migration 
enhanced  epitaxy  [8]  and  the  use  of  superlattice 
(SL)  buffer.  We  show  that  these  modifications  are 
effective  in  enhancing  A  of  the  bottom  interface 
to  200-300  A  or  more.  In  addition,  we  also  dis¬ 
cuss  the  dependence  of  the  mobility  on  in-plane 
crystallographic  orientation. 

Samples  used  are  selectively  doped  GaAs/AlAs 
QWs  with  the  well  width  L,,  ranging  from  17 
monolayers  (ML)  to  30  ML.  We  prepared  three 
sample  groups  (I,  II,  and  III)  on  (001)  Cr-doped 
semi-insulating  GaAs  at  590-600 °C.  Groups  I 
and  II  were  prepared  by  growing  successively  8000 
A-thick  undoped  GaAs,  an  SL  buffer  consisting  of 
21  periods  of  undoped  AlAs(14  ML)/GaAs(14 
ML)  with  Gl  of  60  s  prior  to  form  the  top  inter¬ 
faces.  a  21-ML-thick  undoped  AlAs  spacer,  an 
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undoped  GaAs  QW  with  various  a  21-ML- 
thick  undoped  AlAs  spacer,  a  800-A-thick  Si- 
doped  Alo  jGaQ7As  with  a  donor  density  of 
7  X  10”cm“  \  and  finally  a  100-A-thick  undoped 
GaAs  capping  layer.  For  group  HI,  the  structure  is 
the  same  as  for  groups  1  and  II  except  that  the 
buffer  layers  are  5000  A  GaAs  and  2000  A 
Alo7Gao7As,  and  is  1  X  lO'^cm”^. 

The  AlAs  layer  just  below  the  GaAs  well  was 
prepared  by  alternate  beam  MBE  for  group  1,  and 
by  conventional  MBE  for  groups  II  and  III.  In 
alternate  beam  MBE,  the  Al  flux  corresponding  to 
1  ML  coverage  and  the  As^  flux  for  5  s  are 
alternately  supplied  with  no  interval.  The  beam 
flux  is  1.4x10'“'  cm  *  s  '  for  Al  and  8  x  10'“* 
cm  "  s  '  for  AS4.  When  the  AS4  cell  shutter  is 
closed,  the  beam  equivalent  pressure  of  AS4  is 
reduced  from  1  X  10  ^^  to  6  X  10  Torr.  or  the 
.AS4  beam  flux  of  about  5x10''  cm'  s”'.  In 
these  thin  QWs,  the  roughness  at  the  bottom 
interface  plays  a  dominant  role  in  the  .scattering 
process  because  the  top  interface  prepared  with 
GI  of  60  s  is  expected  to  have  a  .A  of  more  than 
1000  A  and  contributes  little  to  the  scattering  [51. 
The  reduction  of  mobility  due  to  possible  con¬ 
tamination  of  growth  surfaces  during  GI  is  negli¬ 
gibly  small  since  the  mobility  of  selectively  doped 
single  heterostructures  with  GI  of  60  s  exceeds  lO' 
cm'/V  •  s  at  4.2  K.  Typical  growth  rates  in  usual 
MBE  growth  are  0.55.  0.23  and  0.79  fxm/h  for 
GaAs.  AlAs  and  Al,,  ,Ga,,7As.  respectively. 

It  has  been  clarified  [4.9]  that  interface  rough¬ 
ness  ( IFR)  scattering  can  be  theoretically  evaluated 
as  long  as  the  roughness  is  characterized  by  the 
height  J  and  the  lateral  correlation  length  .A  of 
the  Gaussian  fluctuation.  Since  the  fluctuation  of 
the  well  width  L„  leads  to  the  spatial  fluctuation 
of  the  ground  level  f,,.  the  potential  fluctuation 
SV  responsible  for  the  scattering  is  given  by 

JI/=(3£„(/.,.  K,)/3LJ  d. 

Then,  the  roughness  limited  mobility  (/i,)  is  theo¬ 
retically  expressed  as  [4,9]: 

D,  (la) 


L* 

=  const~g(A.  T)  (whenFo=oo), 

(lb) 

where  Vg  is  the  barrier  height,  and  g  is  a  function 
of  A,  the  electron  concentration  N^.  and  the  tem¬ 
perature  T.  Eq.  (lb)  indicates  that  the  dependence 
of  /i,  on  L  A  and  is  separable  and  not 
interlinked.  In  particular,  the  A(,  dependence  of  n, 
is  determined  primarily  by  A .  and  independent  of 
A  as  long  as  T  is  constant.  This  is  because  the 
change  of  with  TV,  results  mainly  from  the 
Fermi  wavelength  dependence  of  the  scattering 
probability. 

We  plot  4.2  K  mobilities  (ja)  of  three  sample 
groups,  measured  as  a  function  of  L^.  in  fig.  1. 
Closed  circles  are  the  data  for  group  1.  the  closed 
triangle  for  group  11.  and  closed  squares  for  group 
III.  These  sets  of  mobility  data  are  strongly  de¬ 
pendent  on  L„.  approximately  proportional  to 
L*.  indicating  that  the  mobilities  are  dominated 


Fig  1.  <  alculaied  and  measured  mobilities  at  4.2  K  as  a 
function  of  the  well  width  L^.  Closed  circles  are  the  data  for 
group  F  the  closed  triangle  for  group  11  and  closed  squares  for 
group  III.  .V,  of  each  sample  m  the  unit  of  lO”  cm  *  is  shown 
in  the  following  form  ).  For  group  I:  4.0(30  ML).  2.0(21 

ML),  2.7(19  ML).  1.6(17  ML).  For  group  11:  4.2(17  ML).  For 
group  HI:  4..3(23  ML),  1.9(21  ML),  3.2(19  ML),  3.1(17  ML). 
Solid  and  broken  lines  are  the  roughness  dominated  mobilities 
calculated  for  I,’,  =  x  and  I =  1 .2  eV'.  respectively,  at  A',.  =  2  x 
10"  cm  3 
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by  IFR  scattering  at  the  bottom  interface  and  all 
other  scattering  mechanisms  are  far  less  im¬ 
portant.  Mobilities  of  group  I  are  higher  than 
those  of  group  III,  indicating  that  alternate  beam 
MBE  and/or  the  use  of  an  SL  buffer  suppresses 
IFR  scattering  to  some  extent.  When  =  17 
ML,  fi  of  group  II  has  an  intermediate  value, 
between  those  of  groups  I  and  III.  This  suggests 
that  the  use  of  an  SL  buffer  alone  enhances  the 
mobility  in  thin  QWs,  For  comparison,  theoretical 
mobilities  (/i,)  for  T=0  K  and  ^  =  2x10" 
cm  "  are  plotted  in  fig.  1  for  the  correlation 
lengths  ,\  of  250  and  70  A;  solid  lines  are  for 
I'o  =  00  and  =  2.83  A,  and  broken  lines  for 
k,',  =  1.2  eV  and  d  =  3.7  A.  Note  that  the  slope  of 
p  versus  at  other  values  of  is  almost  the 
same  as  that  for  =  2  x  10“  cm  •  because  /x, 
has  a  stronger  dependence  on  than  on  (see 
fig.  2).  Although  the  data  have  some  spread,  prim¬ 
arily  due  to  the  difference  of  N,  in  different  sam¬ 
ples.  the  L„  dependence  of  /i  is  close  to  the 
theoretical  prediction. 

Although  a  good  agreement  can  be  found  in 


Fig.  2.  The  \  dependences  of  mobiliiies  of  group  ill.  Mea¬ 
sured  data  are  plotted  by  closed  squares  for  a  QW  (sample  a) 
with  =  21  ML.  closed  and  open  circles  for  QW.s  (samples 
b-1  and  b-2)  with  =  23  ML.  Solid,  broken  and  chained 
lines  are  the  roughness  dominated  mobilities  calculated  at  0  K. 
ITotted  line  is  the  impurity  dominated  mobility  calculated 
at  OK. 


fig.  1,  one  cannot  determine  A  and  A  separately 
only  from  the  dependence  of  fi.  The  best  way 
to  determine  A  is  to  study  the  A,  dependence  of  /i 
because  it  is  determined  by  A,  as  indicated  in  eq. 
(1).  As  examples,  we  show  by  solid  lines  in  fig.  2 
the  Aj  dependence  of  for  a  QW  with  =  21 
ML  for  various  correlation  lengths  A.  Note  that 
the  As  dependence  of  /x^  is  primarily  determined 
by  A,  and  does  not  depend  on  Ff,  or  A.  We  also 
show,  by  a  broken  line  in  fig.  2,  fi,  for  a  QW  with 

=  23  ML,  Ko  =  1.2  eV  and  A  =  3.4  A.  To  show 
the  role  of  impurity  scattering,  we  plot  by  a  dotted 
line  the  mobility  for  a  QW  with  =  21  ML 
dominated  by  ionized  donors  in  AlGaAs. 

Now  we  plot  in  fig.  2  the  measured  fi  at  4.2  K 
as  a  function  of  for  three  samples  (a,  b-1  and 
b-2)  of  group  111.  Closed  squares  are  for  a  QW 
(sample  a)  with  =  21  ML  and  A,  was  changed 
by  using  the  persistent  photoconductivity  (PPC) 
effect.  The  current  is  along  the  (iTO)  direction. 
Closed  and  open  circles  are  the  mobilities  mea¬ 
sured  for  QWs  (samples  b-1  and  b-2)  with  =  23 
ML  and  A^  was  changed  by  a  gate  electric  field  in 
a  FET  configuration.  The  current  directions  are 
along  the  (iTO)  direction  for  sample  b-1  and  along 
(110)  for  sample  b-2. 

We  first  discuss  p  of  sample  a  (shown  by  closed 
squares),  which  is  almost  constant  when  A^  <  4  X 
10“  cm^'  and  gradually  increases  with  increase  of 
A/  This  dependence  of  p  agrees  very  well  with 
a  theoretical  prediction  of  IFR  scattering  only 
when  we  assume  A  =  70  A.  To  achieve  the  com¬ 
plete  fit  in  the  absolute  magnitude,  we  find  A  =  4.2 
A  since  1^,  =  1.2  eV.  These  values  of  A  and  are 
consistent  with  our  previous  results  obtained  from 
the  p-T  characteristic  [4].  To  avoid  ambiguities 
due  to  the  PPC  effect,  we  also  examine  p  of 
sample  b  (closed  and  open  circles).  The  measured 
p  of  this  sample  is  a  little  more  strongly  depen¬ 
dent  on  A^.  By  adopting  the  same  process,  we  find 
that  .\  is  100  A  for  both  samples.  We  find  also 
that  A  is  3.4  A  for  (110)  channel  orientation  and 
A  =  3.8  A  for  (110)  channel  orientation.  These 
values  are  close  to  those  of  sample  a.  The  reason 
for  finding  a  larger  value  of  A  and  a  smaller  value 
of  A  is  probably  due  to  small  changes  in  the 
growth  condition,  such  as  the  As^  flux  or  the 
substrate  temperature.  We  find  from  these  results 
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that  the  roughness  at  the  bottom  interface  of 
group  III  has  a  typical  correlation  length  A  of 
70-100  A  and  a  effective  height  A  of  1-1.5  ML. 

Next,  we  study  whether  or  not  A  is  enhanced 
by  alternate  beam  MBE  and/or  the  use  of  SL 
buffer.  Mobilities  of  three  samples  (c,  d-1  and  d-2) 
of  group  I  are  plotted  in  fig.  3.  Closed  circles  are 
measured  /i  for  a  QW  (sample  c)  with  =  21 
ML  with  current  flowing  along  (iTO)  direction. 
Closed  and  open  squares  are  measured  n  for  QWs 
(samples  d-1  and  d-2)  with  L„  =  21  ML  with 
current  flowing  along  (110)  for  sample  d-1  and 
(110)  for  sample  d-2.  In  samples  d-1  and  d-2,  not 
only  the  bottom  AlAs  but  also  the  central  GaAs 
well  layer  is  prepared  by  alternate  beam  MBE. 
However,  the  main  feature  of  bottom  interfaces  is 
the  same  as  sample  c  because  the  top  interface 
contributes  little  to  the  scattering  process.  Note  in 
these  samples  (c,  d-1  and  d-2)  that  ja  is  strongly 
dependent  on  suggesting  that  the  nature  of 
bottom  interfaces  has  changed  as  compared  with 
those  of  group  MI.  Although  the  ionized  impurity 


Fig.  3.  The  dependences  of  mobilities  of  group  1  with 
=  21  ML.  Measured  data  are  plotted  by  closed  circles 
(sample  cl.  and  closed  and  open  squares  (samples  d-1  and  d-2). 
Solid,  dotted  and  chained  lines  are  the  roughness  dominated 
mobilities  calculated  at  0  K.  Dotted  line  is  the  impurity 
dominated  mobility  calculated  at  0  K. 


(ION)  scattering  plays  some  role,  particularly  at 
high  N,,  the  mobility  is  still  mostly  affected  by 
IFR  scattering.  This  indicates  that  a  steep  /t-N^ 
characteristic  of  samples  c,  d-1  and  d-2  originates 
from  the  interface  with  A  larger  than  that  of 
group  HI.  By  analyzing  the  data,  A  is  estimated  to 
be  200  A  or  longer.  Note  that  the  dependence 
of  fi  is  no  longer  sensitive  to  A  when  A  exceeds 
200  A  and  the  exact  determination  of  A  gets 
difficult.  Hence,  one  may  conclude  that  A  is  250- 
300  A  if  we  assume  A  =  4.2  A  (broken  lines),  and 
A  is  about  200  A  if  A  =  2.83  A  (chained  lines).  A 
similar  conclusion  is  obtained  for  group  I  with 
Z.„  =  19  ML.  This  implies  that  A  of  bottom  inter¬ 
faces  prepared  by  modified  MBE  with  alternate 
supply  of  beams  and  SL  buffer  becomes  about 
three  times  larger  than  those  prepared  by  the 
usual  MBE.  Further  study  is  necessary^  to  clarify 
which  of  the  two  modifications  has  a  major  contri¬ 
bution. 

In  conclusion,  we  have  determined  the  correla¬ 
tion  length  .1  of  roughness  at  the  bottom  interface 
by  measuring  and  analyzing  the  ju-A,  characteris¬ 
tics.  It  is  .shown  that  A  of  the  bottom  interface  is 
short  (70-100  A  when  prepared  with  conventional 
MBE  but  A  can  be  enhanced  to  200-300  A  by  the 
use  of  alternate  beam  MBE  and/or  SL  buffer 
layer.  In  addition,  we  have  clarified  the  depen¬ 
dence  of  the  mobility  on  intraplane  orientation. 
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The  previously  proposed  natural  superlauice  (NSL)  formation  mechanism  is  experimentally  re-examined  hy  using  Gai,dn,nP 
grown  on  (IXIl  I  vicinal  (h°  off  towards  the  (110)  direction)  (laAs  suhslrale  by  mclalorganic  vapor  phase  epitaxy  (MOVPEl.  Based 
mainls  on  the  experimental  results;  non-existence  of  the  (IIl)B  micro-facets  at  the  growing  interface  and  extremely  large  (several 
hundred  Al  single  NSl.  domain  sizes  compared  with  the  average  terrace  width  (  ~  27  A),  a  new  NSL  formation  (step-terrace-recon- 
strtis'tion  (S7  R))  mechanism  is  presented  The  mechanism  assumes  a  reconstruction  <if  the  steps  and  terraces  at  the  column  V  atom 
stabilized  vicinal  ((,K)1)  surface,  on  which  parity  of  the  number  of  the  column  111  atoms  for  each  terrace  is  even. 


1.  Introduction 

Natural  superlattices  (NSLs).  spontaneous 
structural  ordering  on  a  sublattice,  are  now  widely 
observed  in  III-V  alloy  semiconductors  grown  by 
various  growth  methods:  molecular  beam  epita.xy 
(VIBE),  metalorganic  vapor  phase  epitaxy 
( .MOV'Pfi)  and  chloride  transport  vapor  phase  epi¬ 
taxy  [1  1*^).  Among  them.  MOVPE  grown  Al- 
OalnP.  especially  its  end  ternary  GalnP  shows 
CuPt  type  NSL  and  has  been  a  most  intensively 
studied  material  [4-10.12-16,20j.  The  AIGalnP  is 
used  as  a  key  material  system  for  600  nm  band 
visible  laser  diodes  and  has  been  found  to  show  a 
correlation  between  the  band-gap  energy  (thu.s. 
lasing  wavelength)  and  the  degree  of  ordering  [5]. 
T  hese  facts  have  enhanced  studies  on  understand¬ 
ing  and  control  of  the  ordering  [8J  and  on  its 
effects  on  the  electronic  properties  [21]. 

Previously  we  proposed  a  formation  mecha¬ 
nism  for  the  CuPt-type  NSL  [8].  The  proposition 
included  several  postulates.  This  paper  experimen¬ 
tally  examines  their  validity.  Based  on  the  experi¬ 
mental  results,  a  new  formation  mcchani.sm  is 
presented,  which  will  also  be  applicable  for  MBE 
grown  crystals.  The  issues  to  be  studied  in  the 
present  work  include.  (1)  do  (111)8  microfacets 
on  a  growing  surface  really  exist  and  (2)  does 
terrace-parity  mismatch  introduce  a  disorder,  e.g. 


anti-phase-by>undary  (APB);  here,  "terrace-parity" 
[8]  means  the  parity  of  the  number  of  the  column- 
lll-atom  lines  on  the  (001)  terrace  between  the 
nearest  two  steps. 


2.  Experimental 

Crystal  growths  of  (jalnP  and  Ga.Xs  for  this 
study  were  car.'ied  out  by  low-pressure  (70  Torr) 
MOVPE.  The  growth  details  were  described  previ¬ 
ously  [12]. 

Sample  i^Nl  has  a  struci.'"e  of  GaAs/Ga,,t 
ln„.,P/GaAs  (buffer  layer).  The  thickness  of  the 
GalnP  layer  was  0.14  jam.  These  three  layers  were 
grown  on  a  (001)C;a  \s  substrate  with  a  misorit.i- 
tation  of  6°  off  towards  [TlO].  The  growth  temper¬ 
ature  was  660°C.  The  growth  for  GalnP  was 
under  a  V/  III  ratio  of  140  with  a  PH  ,  flow  rate  of 
150  SCCM.  The  Gantln,, tP  layer  is  lattice- 
matched  to  the  GaAs  substrate.  A  V/111  ratio  of 
54.7  was  u.sed  for  the  GaAs  growth  with  an  AsH, 
flow  rate  of  500  SCCM.  Triethylgallium  and  tri- 
methylgallium  were  used  for  CialnP  and  GaAs 
growth,  respectively. 

Samples  for  cross-section  transmission  electron 
microscopy  (TEM)  studies  were  prepared  by  the 
.same  method  described  previously  [9]. 
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3.  Results  and  discussion 

3.1.  Examination  of  step  heights 

A  previous  paper  [5]  described  that  [110]  steps, 
whose  edge  lines  are  in  the  [110]  direction,  are 
plav'ing  an  essential  role  in  the  NSL  formation, 
and  furthermore  that  [1 10]  step  arrays  descending 
towards  [TlO]  are  responsible  for  the  (Hi)  NSL 
formation.  Based  on  this  fact,  we  asserted  that  the 
steps  are  acting  as  “phase-lockers”  [8].  In  order  to 
explain  the  phase-locking  action  at  the  steps,  we 
postulated  that  the  step  edges  may  form  (lll)B 
micro-facets  and  preferential  Ga-sticking  may  oc¬ 
cur  on  the  micro-facets. 

In  order  to  examine  whether  or  not  the  pos¬ 
tulated  (lll)B  micro-facets  exist,  the  interfaces  of 
the  sample  #Nl  consisting  of  the  GaAs/GalnP/ 


GaAs  structure  grown  on  (001)  GaAs  substrate 
with  a  misorientation  of  6°  off  towards  [110]  were 
observed  by  TEM.  In  the  GalnP  layer  there  can 
be  seen  significant  NSL  formation  with  only  one 
variant;  (Hi),  as  reported  already  in  ref.  [9].  Fig. 
1  shows  the  TEM  images  for  the  two  interfaces; 
(a)  GaAs/GalnP  (upper  interface)  and  (b) 
GaInP/GaAs  (lower  interface).  The  interfaces 
show  misorientations  from  (001)  towards  [110] 
with  angles  of,  on  average,  5°  to  6°,  which  are 
close  to  the  nominal  angle  of  6°.  Grazing  angle 
examination  of  these  photographs  enables  us  to 
more  easily  observe  the  structures  at  the  inter¬ 
faces. 

It  is  seen  that  both  interfaces  do  not  appear  to 
include  (lll)B  micro-facets,  i.e.  steps  equal  to 
or  higher  than  two  molecular-layer  (ML)  height 
with  (lll)B  surface,  but  show  one-ML-height 


Fig.  1.  [110)  pole  lattice  images  for  the  two  interface  regions  of  a  GaAs-on-GafnP-on-GaAs  grown  on  a  (001)  GaAs  substrate  with  a 
misorientation  of  6°  off  towards  [110]  direction:  (a)  GaAs-on-GalnP  interface  and  (b)  GaInP-on-GaAs.  Shown  on  the  left  is  the  [110] 
direction.  Average  inclination  angles  of  5°  to  6°  of  the  interfaces  from  the  (001)  axis  are  visible.  Dashed  lines  at  both  sides  of  these 
photographs  show  the  interface  edges.  ( 1 1 1  )B  micro-facets,  whose  heights  are  equal  to  or  larger  than  two-ML-height.  are  scarcely  seen 
at  the  steps  Instead.  one-ML-high  steps  are  observed  for  both  interfaces.  Grazing  angle  observation  of  the  photographs  makes 

inspection  of  the  interface  structures  easier. 
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( ~  2.8  A)  steps.  This  was  consistently  observed  in 
other  similar  samples.  The  fact  that  the  upper 
interface  also  does  not  appear  to  include  (111)8 
micro-facets  and  show  one-ML-height  steps,  ex¬ 
cludes  the  following  possibility;  GalnP  growth 
starts  on  the  GaAs  ((X)l)  surface  with  one-ML- 
height  steps  and  when  growth  proceeds,  (111)8 
micro-facets  with  step  heights  higher  than  or  equal 
to  two-ML  might  develop;  if  this  were  the  case, 
the  upper  interface  would  show  (111)8  micro¬ 
facets.  This  means  that  during  the  GalnP  growth 
the  successive  (001)  GalnP  surface  exhibits  only 
one-ML-height  steps,  because  the  upper  interface 
structure  may  represent  a  general  feature  of  the 
growth-surface  structure  during  the  GalnP  growth. 
Our  present  observations  reveal  that  the  GaAs 
and  GalnP  (001)  vicinal  surfaces  also  exhibit  one- 
ML-height  steps.  Figs.  2a  and  2b  diagrammati- 
cally  illustrate  the  structures  with  one-ML-height 
steps  at  the  upper  and  lower  interfaces,  respec¬ 


tively.  The  average  interface  angle  is  approxi¬ 
mately  6°.  The  calculated  average  terrace  width 
which  corresponds  to  6°  is  27  A.  The  particular 
terrace  width  shown  in  figs.  2a  and  2b  is  26  A. 

In  relation  to  (111)8  micro-facets,  it  will  be 
appropriate  to  mention  here  the  following.  The 
previous  paper  [8]  assumed  that  GalnP  growth  at 
the  steps  proceeds  in  the  direction  perpendicular 
to  [111],  It  will  be,  however,  natural  to  assume 
that  steps  move  towards  the  [TlO]  direction  during 
the  growth,  considering  the  recent  observations 
[23], 

3.2.  Size  of  a  single  NSL  domain 

Fig.  3  shows  a  darN  field  TEM  image  for  an 
interface  region  between  GalnP  and  GaAs.  NSL 
formation  appears  to  occur  almost  from  the  inter¬ 
face.  We  notice  that  coherent  single  domains  as 
large  as  400  A  are  formed  with  almost  no  defects. 


(a)  GaAs  on  GalnP  interface 


(b)  GalnP  on  GaAs  interface 


Fig,  2  Diagrammatic  drawings  of  atomic  structures  for  the  two  interfaces  shown  in  figs,  la  and  lb.  One-ML  step  height  is  about 

2.8  A. 


.156 


T.  Suzuki,  A.  Gomyo  /  formation  mechanism  of  CuPt-type  !i/SLs  in  alloy  semiconduciors 


These  large  single  domains  have  also  been  ob¬ 
served  consistently  for  other  crystals  grown  under 
the  similar  conditions,  usinp  a  substrate  with  the 
same  orientation.  The  400  A  domain  size  is  quite 
large  compared  with  the  27  A  average  terrace 
width  for  a  6°  off-angle  substrate.  This  means 
that  a  single  domain  contains  over  15  steps  on 
average.  In  the  (110)  cross-section  view,  the  central 
two  terraces  shown  in  fig.  2(b)  accommodate  col¬ 
umn  III  atoms  with  6  and  8  atom  sites;  thus  only 
3  and  4  period  NSLs  can  stem  from  each  of  the 
terraces,  as  shown  in  the  figure. 

At  first  it  seemed  [8]  that  step  terraces  may 
have  randomly  both  even  and  odd  “terrace- 
parity”,  which  has  been  defined  in  section  1.  If 
every  step  acts  as  a  “phase-locker"  for  the  alter¬ 
nate  arrangement  of  Ga-line  and  In-line,  the  ter¬ 
races  with  odd  terrace-parity,  which  will  occur  at 
SO*?  probability,  may  give  rise  to  lattice  defects 
such  as  anti-phase  boundaries  (APBs).  Thus  the 
defects  would  be  observed,  on  average,  for  every  6 
periods  of  NSL  in  GalnP  grown  on  a  6°  off  angle 
substrate,  because  each  step  includes  a  3  period 
NSL.  on  average,  as  mentioned  in  the  last  section. 
However,  we  have  failed  to  see  such  a  large  num¬ 
ber  of  lattice  defects.  We  rather  observe  quite 


large  (several  hundred  A)  single  NSL  domains 
compared  with  the  average  terrace  length  ( ~  27 
A),  as  is  visible  in  fig.  3.  This  raises  the  question 
how  the  NSL  is  formed  in  such  a  coherent  manner 
without  generating  lattice  defects,  e.g.  APBs.  This 
question  includes  how  each  one-ML-height  step 
acts  as  a  phase-locker. 

3.3.  Step-terrace-reconstruction  (STR)  model 

The  question  raised  in  the  last  part  of  the 
previous  section  may  be  answered  if  each  terrace- 
parity  is  alt  even  and  if  some  additional  assump¬ 
tions  are  made.  Each  of  the  two  terraces  in  the 
center  position  of  fig.  2b  has  been  drawn  to  have  6 
and  8  atom  sites  for  column  III  atoms;  both 
terraces  have  even  terrace  parity.  With  Ga  atoms 
at  the  step  corner,  no  atom  arrangement  mismatch 
has  been  generated.  The  even  nature  of  terrace- 
parity.  if  it  is  the  case,  may  result  from  reconstruc¬ 
tion  of  the  terraced  (001)  surface.  Scanning  tun¬ 
neling  microscopy  (STM)  has  directly  demon¬ 
strated  that  As  stabilized  (001)  surface  of  MBE 
grown  GaAs  is  reconstructed  to  form  As  dimers 
[24].  A  similar  surface  reconstruction  is  expected 
also  for  P-stabilized  GalnP  (001)  surface. 


Fig.  .1  (110)  pole  dark-field  TEM  image  for  UalnF-on-CiaAs  interface  shown  in  fig.  lb.  Dense  line  array  in  GalnP  layer  corresponds 
to  NSL.  Spacing  is  6.5  A.  Interface  is  inclined  about  6“  from  (001)  towards  [TlO).  The  average  terrace  width  corresponds  to  about 
three  periods  of  natural  superlattice  (NSLs)  in  the  horizontal  direction.  Note  the  very  large  coherence  length  (several  hundred  A)  for 
NSL  instead  of  the  short  terrace  width  (  -  27A).  Also  note  that  the  NSL  appears  to  stem  almost  from  the  interface.  A  photograph 
obtained  from  the  same  negative  film  with  a  lower  light  exposure  time  has  more  clearly  showed  the  structure  at  the  interface. 
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Figs.  4a-4c  show  some  of  the  possible  recon- 
stracted  As  (or  P  for  GalnP  case)  stabilized  (001) 
surfaces  with  terraces,  where  terraces  are  assumed 
to  be  reconstructed  to  have  column  V  atom  di¬ 
mers.  Fig.  4a  illustrates  terraces  with  even  parity 
(  ■  •  • ,  s,-s^,  t,-t^,  ■  •  ■  )■  Here  we  define  "terrace 
width"  as  the  number  of  the  group  HI  atoms  on  a 
terrace  ir  the  projected  (110)  plane.  For  example, 
terraces  s  and  t  in  fig,  4a  are  drawn  to  have  terrace 
widths  of  n  =  6  and  8.  Terrace  widths  for  (001) 
GaAs  'Aith  a  6“  off-angle  may  distribute  like 
2.  4,  6,  8,  10 . with  even  parity  around  an  aver¬ 

age  of  6.  We  a.ssume  that  each  step  edge,  e.g.  .s^-t, 
and  t^-u,,  shows  a  specific  reconstruction  as  in 
fig.  4a  or  fig.  4b.  Depending  on  whether  t,  forms  a 


dimer  or  not.  the  reconstructed  terraced  surfaces 
are  referred  to  as  Even-II  and  Even-I.  respectively. 
We  tentatively  assume  that  the  Even-I  type  is  the 
most  stable  reconstucted  surface.  We  refer  to  this 
model  as  step-terrace-reconstruction  (STR)  model. 

Let  Ga„,ln||,P  growth  begin  with  an  As-stabi¬ 
lized  terraced  (001 )  surface.  Here,  however,  we 
start  to  examine  the  growth  process  after  the  com¬ 
pletion  of  the  growth  of  the  first  ML  (molecular- 
layer)  GaInP.  Thus,  this  time,  in  fig.  4a.  we  regard 
double  circles  at  the  outermost  “monolayer" 
surfaces  as  phosphorus  (P)  atoms,  and  imagine 
that  beneath  them  there  is  one  column-lll-atom- 
monolayer  Ga„<In||^.  where  both  Ga  and  In  are 
expressed  as  closed  circles.  Underneath  this  one- 
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ML  GalnP,  a  GaAs  substrate  exists,  which  is  also 
represented  as  closed  circles  (Ga)  and  double 
circles  (As).  As  for  the  first  one-ML  GalnP  growth, 
we  will  mention  it  later. 

On  the  P-stabilized  terraced  surface  (see  fig. 
4a),  growth  may  begin  from  each  step  edge, 
s,.  t),  U),  ■  •  ■ .  If  the  following  requirements  are 
satisfied,  a  growth  of  a  large  scale  single  domain 
NSL,  will  be  automatically  assured; 

(Rl):  Preferential  sticking  of  either  of  column  III 
atoms  (Ga  or  In)  to  the  step  edges  occurs, 

(R2):  Alternate  arrangement  of  Ga  and  In  lines  is 
preferred. 

(R3):  Every  terrace  width  has  even  terrace  parity. 

The  first  requirement  (Rl)  may  be  satisfied, 
considering  that  Ga  has  a  larger  Ga-P  bonding 
energy  compared  with  that  for  In-P  (see  ref.  [8]). 
The  requirement  (R2)  will  be  satisfied  if  we  re¬ 
member  the  “stress  minimum  principle",  pro¬ 
posed  previously  [8).  Each  Ga  which  has  sticked  at 
the  sites  s,.  t,.  u,.  •  •  •  form  two  Ga-P  bonds  be¬ 
tween  one  Ga  atom  and  two  P  atoms  at  the 
surface.  Because  the  order  of  the  bond  lengths  (/>) 
is  (tfln-P)  >  A(Ga-A.s)  > />(Ga-P).  after  the  Ga 
sticking,  the  distance  between  the  two  P  atoms 
may  become  less  than  d,,  (4  A),  which  is  the 
distance  between  two  corresponding  As  atoms  in 
bulk  GaA.s  crystal.  After  the  Ga  sticking  at  the 
step  edge  sites  s,.  t,.  u,.- • -.the  sites  s,.  t;.  u,. 

■  ■  ■  will  be  preferred  by  In  atoms,  in  order  to 
minimize  the  strain  energy.  The  In  sticking  at 
these  sites  tends  to  compensate  the  strain  which 
was  introduced  by  the  previous  Ga  sticking.  The 
requirement  (R3)  is  supported  by  the  present 
step-terrace-reconstruction  (STR)  model.  An  ex¬ 
ample  of  the  grown  NSL  is  shown  in  fig.  2b.  in 
which  the  first  one  ML  beneath  the  dotted  line 
should  be  understood  as  one  disordered  GalnP 
laser,  as  mentioned  above. 

Here  we  will  discuss  the  growth  of  the  first 
one-ML  layer  GalnP  just  on  the  GaAs  substrate. 
For  this  discussion,  we  use  fig.  4a  to  represent 
CiaAs  substrate;  all  closed  circles  and  double 
circles  are  Ga  and  As  atoms,  respectively.  Sites 
s,.  t,.  U|.-  •  -  .will  be  occupied  by  Ga  atoms  for  the 
same  reason  as  for  the  P-stabilized  surface.  This 
time,  however,  the  next  sites  s,.  t,.  u  .  •  •  •  have 
no  apparent  reason  to  preferentially  accept  In 


I 

I 


atoms,  because  the  previous  Ga  sticking  and  re¬ 
sultant  Ga-As  bond  does  not  seem  to  introduce 
extra  strain  energy.  This  is  simply  because  the 
substrate  is  GaAs  itself.  Thus  the  first  ML  GalnP 
may  be  a  disordered  layer;  from  the  second  GalnP 
layer  the  NSL  formation  will  begin. 

The  stress-minimum  principle  assumed  in  (R2) 
seems  also  necessary  if  we  remember  that  AlGaAs 
has  not  been  reported  to  show  CuPt  type  NSL  [I], 
in  spite  of  the  large  bonding  energy  difference 
between  Al-As  and  Ga-As.  [8].  Though  the  large 
bonding  energy  difference  may  cau.se  preferential 
sticking  of  Al  atoms  at  the  step  edges,  the  require¬ 
ment  (R2)  is  not  satisfied  due  to  the  fact  that 
bond  lengths  are  virtually  equal;  h(MAs)  - 
/)(GaAs). 

The  growth  condition  (growth  temperature. 
V/lIl  ratio  [20])  dependence  of  NSL  formation 
[5,6]  and  in  turn  band-gap  energy  [4.20]  may  be 
interpreted  in  terms  of  growth  condition  depen¬ 
dence  of  both  surface  reconstruction  and  atom 
mobility  at  growing  surfaces. 


4.  Conclusion 


Based  mainly  on  the  experimental  results  for 
GalnP  on  a  (001)  vicinal  (6°  towards  [TlO]) 
.surface;  ( 1 )  non-existence  of  ( 11 1  )B  micro-facets 
at  the  interface  between  GaAs  .substrate  and 
GalnP  epi-layer  and  at  the  growing  surface  and 
(2)  extremely  large  (  ~  400  A)  sizes  of  single  natu¬ 
ral  superlattice  domains  compared  with  the  aver¬ 
age  terrace  width  (six  column  III  atom;  -  27  A), 
a  new  NSL  formation  mechanism  (step-terrace-re- 
construction  (STR)  model)  was  pre.sented.  in  which 
reconstruction  of  a  column  V  atom  stabilized  (001 ) 
surface  with  one-ML-high  terraces  is  assumed  to 
give  even  parity  for  the  numbers  of  column  III 
atoms  on  (001)  terraces.  This  STR  model  auto¬ 
matically  assures  a  large  single  domain  NSL  for¬ 
mation.  The  stress  minimum  principle  and  the 
preferential  Ga  sticking  at  step  edges  are  also 
assumed. 
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Note  added  in  proof 

Although  the  present  paper  assumed  prefer¬ 
ential  Ga  sticking  at  the  step  edges,  by  considering 
a  steric  effect  due  to  the  contraction  of  P-P  dimer 
distances  preferential  In  sticking  becomes  plausi¬ 
ble.  This  model  allows  the  ordering  even  for  the 
first  GalnP  mono-molecular  layer  on  GaAs  sub¬ 
strate.  The  model  is  discussed  in  an  article  by 
Suzuki.  Gomyo  and  lijima  [25].  The  NSL  forma¬ 
tion  in  IIl-\'-V  type  alloys  is  also  discussed  briefly 
in  this  article. 
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MBE  growth  of  tilted  superlattices:  advances  and  novel  structures 

P.M.  Petroff  M.S.  Miller  Y.T.  Lu  ^  S.A.  Chalmers  H.  Metiu  H.  Kroemer 
and  A.C.  Gossard  “ 

L  nirersitv  ot  Culi/onua,  Santa  Barbara.  Calijorma  93/06.  L'SA 


The  vicinal  surface  ordering  required  for  the  TSL  deposition  has  been  studied  as  a  function  of  temperature  and  composition  ft>r 
Ciii ,  All  .  and  AlSb  surfaces.  The  interface  sharpne.vs  observed  during  the  Al-Ga  co-deposition  and  self-organization  on  a 

vicinal  surface  has  been  modeled  using  a  sitKha.stic  kinetics  methtnl.  The  modeling  reproduces  well  the  observations.  To  avoid  critical 
effects  of  the  tilt  parameter  variations,  a  novel  structure,  the  serpentine  superlatiice.  has  been  proposed.  This  structure  has  a  “build 
in  '  iw  tvdimensional  confinement  and  vields  un/ftirm  lumine.scence  propertie.s  over  large  wafer  areas.  Finally,  the  TSL  concept  ha.s 
been  demonstrated  for  a  novel  system,  the  GaSb-.AlSb  system. 


I.  Introduction 

Conceptually,  the  tilted  superlattices  (TSLs)  are 
extremely  attractive  as  a  structure  for  introducing 
new  degrees  of  freedom  in  tailoring  the  band  gap 
in  compounds  semiconductors.  For  example,  the 
direct  growth  of  quantum  wire  superlattices  or 
corrugated  interfaces  with  a  band  gap  modulation 
parallel  to  an  heterostructure  interface  have  been 
demonstrated  [1.2],  .An  added  attraction  is  that  the 
structures  have  been  demonstrated  for  both  MBE 
[.'?]  and  MOeVD  [4]  deposition. 

The  TSL  is  fabricated  by  alternate  deposition 
of  fractional  monolayers  of  two  III  -V  compounds 
on  a  vicinaly  oriented  substrate.  First  demon¬ 
strated  for  the  GaAs-.AIGaAs  .system.  TSL  struc¬ 
tures  have  have  recently  been  demonstrated  for 
the  GaSb-.AlCiaAs  system  [5].  The  metht)d  allows 
for  TSLs  whose  periodicity  is  function  of  the 
substrate  misorientation  angle  and  of  the  TSL  tilt 
angle  /?.  with  respect  to  the  terraces  normal.  The 
TSL  periodicity  for  a  given  substrate  misorienta¬ 
tion  angle  a  can  be  continuously  tuned  by  chang- 
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ing  the  tilt  parameter  p.  The  TSL  period  is  given 
by: 


r  ,  -1  I  :  ■ 

[tan'n  -i-  ( 1  -  />  )'J 

'i ...  fraction  I'f  montilayers  for  the  two  semicon¬ 
ductors  are  m  and  n  and  the  tilt  parameter  is 
p  =  m  +  n.  The  step  height  J  for  GaAs  is  2.8.^  .A. 
A  small  change  in  p  or  a  will  induce  large  varia¬ 
tions  in  the  period  and  hence  in  the  confined 
states  energies.  Hence  the  need  for  an  accurate 
control  of  these  parameters. 

The  }  difficulties  assixialed  in  the  TSL  deposi¬ 
tion  arc: 

(a)  the  requirement  of  a  peritxlic  step  array  over 
the  entire  substrate,  during  the  TSL  deposition  as 
well  as  the  deposition  of  the  buffer  layer  and  the 
cladding  layers  required  for  the  fabrication  of  a 
quantum  wire  superlattice; 

(b)  the  requirements  of  a  uniform  tilt  angle  of  the 
TSL  over  the  entire  wafer; 

(c)  the  nece.s.sity  of  maintaining  sharp  interfaces 
between  the  quantum  wells  and  the  cladding  layers. 

We  examine  subsequently  the  recent  progress 
made  in  solving  these  problems. 
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2.  Step  ordering  on  a  vicinal  semiconductor  surface 

The  vicinal  surface  as  delivered  by  the  manu¬ 
facturer  has  a  mean  misorientation  a,  which  does 
not  correspond  to  the  presence  of  a  periodic  step 
array  on  the  surface.  A  Gaussian  distribution  of 
terraces  with  a  mean  dimension  L  =  d/{tan  «)  is 
present  on  the  surface.  Fortunately,  for  the  GaAs 
[6]  and  the  AlAs  [7],  and  GaSb  [5]  {100}  sub¬ 
strates.  nature  provides  us  with  a  self-correcting 
process  which  allows  us  to  obtain  a  periodic  step 
lattice  out  of  a  gaussian  distribution  of  steps 
around  a  mean  misorientation  a.  If  a  potential 
barrier  to  atomic  motion  prevents  atoms  from 
going  down  from  one  terrace  to  the  other  before 
they  are  incorporated  at  the  step  as  part  of  the 
growing  layer,  an  equalization  of  the  terrace  length 
takes  place  providing  that  a  layer  growth  regime  is 
established.  This  effect  was  demonstrated  analyti¬ 
cally  and  by  Monte  Carlo  simulations  [8].  The 
existence  of  a  potential  barrier  to  atom  motion 
from  one  terrace  to  the  other  is  found  to  be 
necessary  to  the  self-correcting  process.  The  origin 
of  this  potential  barrier  is  not  clear,  however  one 
might  speculate  that  the  bond  breaking  mecha¬ 
nism  is  more  difficult  if  hybridized  bonds  are 
formed  at  step  edges  and  more  bond  have  to  be 
broken  when  an  atoms  jump  from  one  terrace  to 
another.  Intuitively,  the  short  terrace  will  grow 
laterally  faster  than  the  larger  adjacent  one  since 
the  number  of  atoms  impinging  on  the  long  ter¬ 
race  is  larger. 

The  preparation  of  the  vicinal  surface  is  done 
by  observing  during  growth  of  the  buffer  layer,  the 
double  peak  structure  of  the  specular  beam  in  the 
RHEED  pattern  when  the  incident  electron  beam 
is  orthogonal  to  the  step  edges  [6,7].  The  full  width 
at  half  maximum  is  directly  correlated  to  the  step 
periodicity  and  the  distance  between  these  peaks 
is  related  to  the  vicinal  surface  misorientation. 
The  proper  conditions  [7]  for  producing  a  periodic 
array  of  steps  will  depend  on  the  surface  compo¬ 
sition,  the  growth  temperature  T  and  whether 
growth  is  taken  place  in  the  molecular  beam  epi¬ 
taxy  (MBE)  or  the  migration  enhanced  epitaxy 
(MEE)  mode. 

For  the  Al,Ga, , ,  As  system  grown  in  the  MEE 
mode,  a  phase  diagram  has  been  established  ex- 
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Fig.  1 .  Phase  diagram  of  TSL  growth  surface  morphology  as  a 
function  of  substrate  temperature  and  AlAs  composition  ob¬ 
tained  from  the  RHF.F.D  data  analysis.  MEE  deposition.  (□) 
Data  points  represent  smtxrth  growth.  Lightly  shaded  area 
represent  regions  where  growth  is  mostly  smixith  but  apprecia¬ 
ble  island  nucleation  is  taking  place  on  the  terraces.  Heavily 
shaded  area  represents  rough  growth  (7], 

perimentally  as  a  function  of  .v  and  T.  As  shown 
in  fig.  1  for  a  As/Ga  flux  ratio  of  6.  there  is  not  a 
unique  deposition  temperature  that  will  preserve 
steps  for  both  GaAs  and  AlAs  surfaces  during 
MEE  deposition  of  a  TSL.  However,  a  GaAs- 
Al  ^Ga,  _ ,  As  TSL  can  be  grown  while  preserving  a 
good  step  structure  at  a  temperature  T  >  600  °  C 
for  X  <  0.5. 

The  preservation  of  a  step  lattice  at  lower  tem¬ 
peratures  T  <  500  °  C  for  X  >  0.75  is  not  presently 
understood.  The  optimal  growth  temperature  for 
the  (Al„ sGa,i 5As)„,-(GaAs)„  TSL  is  around 
600  °C  for  MEE  deposition. 


3.  Tilt  angle  unifonnity  issue 

The  rapid  variation  of  the  tilt  angle  with  the  tilt 
parameter  has  serious  consequences  on  the  uni¬ 
formity  of  the  TSL  characteristics  grown  on  a 
wafer  scale.  As  .seen  in  fig.  2,  small  (1%  or  2%) 
variations  of  the  flux  incident  on  the  wafer  will 
induce  large  changes  (20° -30°  )  in  the  TSL  orien¬ 
tation.  This  type  of  variations  is  expected  even 
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with  wafer  rotation  during  growth.  Fig.  2a  shows 
for  a  2°  vicinal  surface  the  computed  variations 
of  the  tilt  angle  with  the  tilt  parameter. 

A  solution  to  this  problem  has  recently  been 
proposed  [9].  It  involves  insuring  that  everywhere 
on  the  wafer,  there  will  be  a  region  of  material 
with  the  proper  periodicity.  This  is  obtained  by 
growing  a  so-called  “serpentine  superlattice” 
(SSL). 

For  example,  by  imposing  a  linear  time  depen¬ 
dence  of  the  tilt  parameter  p  between  A  and  B 


^^))) 


Fig.  2.  (a)  TSL  tilt  angle  versus  tilt  parameter  for  a  2°  vicinal 
surface,  (b)  A  “C  shaped  serpentine  tilted  superlattice  sche¬ 
matic.  The  GaAs  regions  are  shown  as  clear  regions  while  the 
shaded  regions  represent  the  AIGaAs.  The  curvature  of  the 
GaAs  quantum  wells  is  determined  by  continuously  varying  p 
with  time  from  a  value  smaller  than  I  to  a  value  larger  than  I. 


Fig.  3.  PL  spectrum  of  a  “C"  shaped  serpentine  superlattice 
deposited  on  a  2°  vicinal  surface.  With  the  polarizer  P  set  at 
90  ^  the  electric  vector  is  perpendicular  to  the  wires.  The  wires 
are  running  vertically  in  the  sample  and  are  excited  end  on  [9], 


(heavy  line,  fig.  2a)  during  the  growth  of  the  SSL, 
one  can  insure  that  there  will  always  be  on  the 
wafer  a  region  for  which  />  =  1 .  A  schematic  of  the 
resulting  SSL  is  shown  in  fig.  2b.  This  type  of 
superlattice  structure  warrants  that  a  uniform 
quantum  wire  superlattice  is  formed  everywhere 
on  the  wafer.  Two-dimensional  carrier  confine¬ 
ment  is  “built  in”  the  regions  of  the  SSL  with  the 
smallest  radius  of  curvature  [9].  A  three-dimen¬ 
sional  QWW  superlattice  is  formed  by  continu¬ 
ously  varying  the  p  value  alternatively  between  2 
values  which  span  the  p  =  \  value.  The  resulting 
SSL  has  an  S  shape.  By  changing  the  p  depen¬ 
dence  with  time  during  growth,  the  curvature  of 
the  SSL  quantum  well  can  be  varied  at  will. 

Because  of  the  variable  width  in  the  SSL’s 
quantum  wells,  the  SSL  yields  a  quantum-wire-like 
confinement  in  the  region  of  largest  curvature. 
The  photoluminescence  spectrum  of  a  “C”  shaped 
serpentine  superlattice  deposited  on  a  2°  vicinal 
substrate  is  shown  in  fig.  3.  The  main  peak  is 
attributed  to  recombination  in  parts  of  the  SSL 
which  are  essentially  a  random  alloy  and  shows  no 
polarization  dependence  when  a  polarized  filter  is 
placed  in  between  the  sample  and  the  monochro- 
mater.  The  shoulder,  which  shows  a  pronounced 
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polarization  dependence,  is  tentatively  assigned  to 
recombination  from  a  quantum  wire  state.  The  PL 
intensity  is  at  a  maximum,  in  the  curve  labeled 
90°,  when  the  polarizer  passes  light  perpendicular 
to  the  quantum  wire.  A  weak  polarization  depen¬ 
dence  can  also  be  seen  in  the  background  at  lower 
energies.  These  polarization  effects  have  been  seen 
on  1°  and  2°  substrates,  but  are  much  weaker  or 
absent  on  0.5°  and  4°  substrates.  A  fuller  inter¬ 
pretation  of  these  spectra  is  still  being  developed. 


4.  The  interface  sharpness  in  the  TSL  structures 


I 


I 


One  of  the  more  serious  issues  remaining  in  the 
TSL  or  SSL  structures  is  that  of  interface  sharp¬ 
ness.  Transmission  electron  microscopy  experi¬ 
ments  [10]  have  indicated  that  the  interface  rough¬ 
ness  of  4  to  5  monolayers  is  usually  present  in  the 
TSL.  The  interface  sharpness  is  controlled  by  the 
diffusion  kinetics  of  atoms  at  the  surface  and  by 
the  equilibrium  shape  of  steps  during  growth.  The 
pre.sence  of  kinks  at  the  step  edges,  which  is 
required  to  ensure  a  layer  growth  regime,  is  one  of 
the  essential  components  affecting  interface  sharp¬ 
ness.  Since  there  are  no  experimental  data  on  this 
problem,  a  modeling  approach  has  been  adopted. 

An  attempt  at  understanding  the  partitioning 
of  AI  and  Ga  at  the  surface  is  achieved  by  using  a 
stochastic  kinetics  simulation  method  [11]  aimed 
at  reproducing  the  Al-Ga  .segregation  which  has 
been  recently  observed  [12]  during  MEE  growth  of 
the  coherent  tilted  superlattice  (CTSL). 

The  CTSL  is  realized  through  the  self-organiza¬ 
tion  and  phase  segregation  which  take  place  when 
AI  and  Ga  atoms  are  co-deposited  on  a  vicinal 
surface  with  a  2°  misorientation.  The  self-organi¬ 
zation  and  phase  segregation  are  detected  by  de¬ 
positing  sequentially  Al-Ga  and  As.  If  the  amount 
of  co-deposited  AI  and  Ga  is  equal  to  a  monolayer 
and  if  an  appreciable  phase  separation  takes  place, 
a  CTSL  will  be  formed.  The  CTSL  has  been 
detected  by  transmission  electron  microscopy 
(TEM)  and  the  AI  has  been  shown  to  prefer¬ 
entially  segregate  at  the  step  edges  when  these  are 
parallel  to  [iTO]. 

In  the  numerical  simulation  of  the  CTSL 


growth,  the  AI  and  Ga  are  randomly  deposited 
onto  a  30  X  40  square  lattice  plane  according  to 
the  rate  of  deposition.  The  migration  of  atoms  on 
the  surface  takes  place  through  a  succession  of 
uncorrelated  jumps,  each  jump  taking  the  atom 
from  its  lattice  site  to  one  of  the  nearest  neighbor 
sites.  The  jump  rate  depends  on  the  temperature, 
the  jump  direction,  and  the  neighboring  configura¬ 
tion.  The  jump  frequency  is  determined  by  the 
largest  jumping  rate  (e.g.  Ga  in  a  most  favorable 
neighbor  configuration)  which  is  normaUzed  to 
have  probability  of  success  1  in  each  attempting 
jump,  and  the  probability  of  jump  for  AI  or  Ga  in 
other  configurations  will  have  jumping  probability 
less  than  1  in  each  attempt.  The  jump  frequency  is 
typically  a  thousand  times  the  atom  deposition 
frequency. 

The  modeling  is  based  on  the  following  physi¬ 
cal  considerations: 

(1)  The  migration  energy  of  a  diffusing  atom.  E„ 

is  taken  as:  =  E^  +  Ey  E^  and  £,  are  respec¬ 

tively  the  atom  interaction  energy  with  the  sub¬ 
strate  and  with  the  neighboring  surface  adatoms. 
Indeed  both  these  energies  are  direction  depen¬ 
dent.  However,  the  modeling  results  appear  to  be 
weakly  dependent  on  the  directional  dependence 
of 

(2)  The  Ga  migrates  about  3  times  faster  than  the 
AI  at  600  °C. 

(3)  The  group  Ill  atoms  have  a  pair  of  dangling 
bonds  pointing  along  the  fast  diffusion  direction. 
[110],  therefore  two  atoms  lined  in  the  fast  diffu¬ 
sion  direction  will  have  stronger  interaction  than 
with  those  in  the  orthogonal  direction.  We  use  a 
Morse  potential  for  taking  into  account  the  inter¬ 
actions  between  atoms.  We  have  reduced  the 
strength  of  the  atom-atom  interactions  along  the 
slow-diffusion  direction,  [110],  by  a  factor  (aniso- 
tropicity)  varying  from  0  to  1  to  study  the  effect  of 
anisotropic  interactions.  The  strength  of  the  ani¬ 
sotropy  factor  is  atom  position  dependent  and 
takes  into  account  the  distance  of  the  first  and 
second  nearest  neighbors. 

(4)  The  Al-Al  interaction  is  stronger  than  the 
Ga-Ga,  or  Al-Ga  interactions.  The  dissociation 
energies  in  the  Morse  potential  are  0.18,  0.09,  0.04 
eV  for  Al-Al,  Ga-Ga.  Al-Ga.  respectively.  The 
contributions  from  both  the  nearest  neighbors  and 
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Fig.  4.  Surface  image  of  the  Al-Ga  (ratio  of  Al  to  Ga  atoms  is 
0.33)  deposition  on  a  1.5°  vicinal  surface.  Full  circles  denote 
Al  atoms  and  open  ones  the  Ga  atoms,  (a)  After  complete 
deposition  of  a  monolayer  (1200  atoms  are  deposited)  at  the 
optimal  temperature  {T  =  600°C).  (b)  After  complete  deposi¬ 
tion  of  a  monolayer  at  lower  temperature  (475°C).  The  (llOj 
step  edge  is  located  on  the  left  side  of  each  figure  (11 ). 


temperature  reduces  the  mobility  of  Al.  (2)  At 
lower  temperature  the  islands  of  Ga  become  more 
rigid;  this  prevents  Al  penetration  through  the  Ga 
in  the  later  stage  of  deposition. 

The  failure  of  growing  TSL  on  a  B  face  vicinal 
surface  is  also  understood  from  the  simulation. 
Different  geometrical  structure  at  the  B  face  may 
result  the  weaker  step  attraction.  However,  we 
found  that  this  is  not  the  essential  factor.  Since 
both  Ga  and  Al  have  a  propensity  to  grow  as 
strips  along  the  slow  diffusion  direction.  [110],  the 
simulation  with  the  B  face  results  in  Al  and  Ga 
forming  bands  in  the  direction  perpendicular  to 
the  step  (this  is  still  true  even  if  the  B  face  step 
attracts  atoms  as  strongly  as  the  A  face  step). 

5.  Extension  of  the  TSL  concept  to  other  systems 


next  nearest  neighbors  are  taken  into  account  in 
the  calculation  of  the  hopping  energy  barrier. 

(5)  The  step  provides  an  extra  attractive  potential 
to  both  the  Ga  and  Al  when  they  arrive  at  step 
sites.  This  results  in  a  larger  barrier  for  them  when 
leaving  the  step.  We  use  0.135  eV  as  the  extra  step 
attraction  energy  for  both  Ga  and  Al. 

The  simulations  u.sing  this  model  with  ani.so- 
tropicity  factors  for  £,  of  0  and  0.5  (with  atoms 
perpendicular  to  the  moving  atom)  reproduce  well 
the  observed  self-organization  and  pha.se  segrega¬ 
tion.  Fig.  4a  shows  the  result  of  Ga„7Al„ ,  deposi¬ 
tion  at  600  °  C.  Most  of  the  al  are  able  to  penetrate 
through  the  Ga  layer  and  reach  the  step.  The 
successful  segregation  is  due  to  factors  like:  the 
lower  deposition  rate,  the  high  temperature  and 
the  weak  Ga-Ga  interaction.  The  first  two  factors 
allow  the  Al  enough  time  and  mobility  for 
reaching  the  step,  and  the  third  factor  allows  the 
Al  to  penetrate  the  Ga  islands  in  the  later  stage  of 
deposition.  The  simulation  is  also  able  to  repro¬ 
duce  qualitatively  the  narrow  temperature  window 
which  was  observed  in  the  experiment.  Fig.  4b 
shows  a  simulation  at  475  “  C.  Some  of  the  Al  fails 
to  .segregate  to  the  step  and  form  a  second  band 
on  the  terrace  (the  position  of  this  band  with 
respect  to  the  step  edge  is  located  randomly). 
There  are  two  reasons  for  this  failure:  (1)  Lower 


I 

I 


In  principle  the  TSL  growth  concept  should  be 
applicable  to  other  systems  providing  a  vicinal 
.surface  with  monolayer  height  steps  can  be  formed 
and  preserved  during  growth.  The  step-flow  growth 
mode  should  also  be  established  to  grow  these 
systems.  Recently,  the  TSL  concept  has  been  tested 
successfully  on  the  GaSb-AlSb  system  |5).  The 
GaSb-AlSb  TSL  was  grown  either  on  GaAs  or 
GaSb  {100}  vicinal  surfaces.  The  growth  was  car¬ 
ried  out  by  MBE  and  MEE  in  the  temperature 
range  490-510°C. 

The  effects  of  the  strain  on  the  interface  sharp¬ 
ness  appear  to  be  minimal.  Thus  we  expect  that 
TSL  can  be  produced  in  a  large  number  of  hetero¬ 
structure  systems  irrespective  of  the  strain. 


6.  Conclusions 

The  vicinal  surface  ordering  needed  during  the 
TSL  deposition  has  been  studied  as  a  function  of 
temperature  and  composition  for  Ga^Alj^^As, 
GaSb  and  AlSb  surfaces.  The  interface  sharpness 
observed  during  the  Al-Ga  co-deposition  and 
self-organization  on  a  vicinal  surface  has  been 
modeled  using  a  stochastic  kinetics  method.  This 
type  of  modeling  should  lead  to  establishing  con¬ 
ditions  for  the  deposition  of  better  TSLs.  To  avoid 
critical  effects  of  the  tilt  parameter  variations  a 
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novel  structure,  the  serpentine  superlattice  has 
been  proposed.  This  structure  has  a  “built  in” 
two-dimensional  confinement  and  yields  uniform 
luminescence  properties  over  large  wafer  areas. 
Finally,  the  TSL  concept  has  been  demonstrated 
for  a  novel  system,  the  GaSb-AlSb  system. 
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Fabrication  of  quasi- three-dimensional  electron  systems 
and  superlattices  in  wide  parabolic  wells 
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and 

A.-M.  Lanzillotto 
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We  report  the  realization  of  quabi-ihree-dimensional  electron  systems  in  selectively-doped  wide  parabolic  quantum  wells,  focusing 
on  a  novel  superlattice  which  contains  a  high-mobility  (  =  1.1  x  10*cm'/V  s  at  4  K)  degenerate  electron  .system.  This  molecular  beam 
epitaxy  grown  structure  is  a  wide  undoped  Al  ,Ga| . ,  As  well  bounded  by  undoped  (spacer)  and  doped  layers  of  A1  .Ga, .. ,  As(  y  >  x ) 
on  both  sides.  The  alloy  composition  in  the  well  is  graded  in  a  way  that  results  in  a  parabolic  potential  with  a  sinusoidal  modulation 
superimposed  on  it.  Once  transferred  into  this  well,  the  electrons  screen  the  parabolic  potential  and  an  electron  system  with  a 
modulated  charge  density  profile  Is  obtained.  We  present  self-consistent  quantum  mechanical  calculations  of  the  electronic  system 
and  our  characterization  of  the  structure  by  secondary  ion  mass  spectrometry  and  magnetotransport  measurements. 


Selectively-doped  semiconductor  structures  that 
exhibit  three  dimensional  behavior  (1-3)  attract 
current  attention  in  part  because  they  provide 
nearly  ideal  systems  for  the  possible  observation 
of  a  variety  of  predicted  collective  phenomenon 
(4),  In  these  systems  electrons  are  confined  in  wide 
Al,Ga,  ,As  quantum  wells  with  quadratically 
graded  .Al  composition  which,  when  empty,  leads 
to  a  quadratic  dependence  of  the  conduction  band 
edge  on  the  distance  from  the  well  center.  As  a 
consequence  of  the  self-consistent  electrostatic 
potential,  the  electrons  in  the  parabolic  well  screen 
the  quadratic  potential  and  a  system  of  nearly 
uniformly  distributed  electrons  in  a  flat  potential 
is  obtained. 

To  demonstrate  the  electronic  structure  of  such 
systems,  fig.  1  shows  calculations  of  the  charge 
distribution  and  the  potential  in  a  tvpical  para¬ 
bolic  well.  These  calculations  were  done  by  self- 
consistently  solving  the  Poisson  and  Schrddinger 
equations  while  taking  the  exchange  correlation 
into  account  via  the  local-density  approximation. 


As  expected,  the  charge  distribution  in  the  central 
part  of  the  well  is  nearly  uniform.  Small  o.scilla- 
tions  in  the  charge  density  exist  because  only  a 


Fig.  1.  Sclf-con.si.steni  calculations  of  the  conduction  band  edge 
(cun-e  b)  and  the  charge  density  profile  (curve  c)  are  shown  for 
a  typical  parabolic  well.  The  conduction  band  edge  for  the 
empty  well  is  indicated  by  curve  a.  These  calculations  were 
done  for  a  total  electron  areal  density  n^  =  2.5  x  cm  \ 
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(a) 

(b) 


(C) 


Fig.  2.  The  idea  behind  using  a  paraboUc  well  with  a  periodic 
modulation  to  fabricate  a  high-quality  superlattice  is  schemati¬ 
cally  presented.  Solid,  dash-dotted,  and  dotted  curves  represent 
the  conduction  band  edge,  the  charge  distribution,  and  the 
dopant  atoms  respectively.  The  structure  of  a  conventional 
superlattice  (a)  and  our  proposed  structure  without  (b)  and 
with  (c)  electrons  are  shown. 

finite  number  of  electric  subbands  are  occupied. 
In  the  case  shown  in  fig.  1  there  are  four  occupied 
subbands.  Quantitative  evidence  for  the  realiza¬ 
tion  of  electron  systems  like  this  one  is  provided 
by  comparing  the  calculated  densities  of  these 
subbands  with  densities  experimentally  de¬ 
termined  from  a  Fourier  analysis  of  Shubnikov- 
De  Haas  oscillations  seen  at  low  applied  magnetic 
fields  [1).  We  analyzed  data  obtained  in  a  number 
of  parabolic  wells  and  found  the  experimental 
results  in  excellent  agreement  with  the  calcula¬ 
tions,  verifying  the  realization  of  electron  systems 
similar  to  that  shown  in  fig.  1  [1]. 

By  adding  a  small  periodic  modulation  to  the 
Al  composition  of  the  parabolic  well,  a  novel 
superlattice  containing  a  low-disorder  (high-mobil¬ 
ity  degenerate  electron  system  can  be  obtained  [5]. 
In  this  structure  all  intentional  dopants  are  placed 
outside  the  superlattice,  a  major  advantage  over 
conventional  superlattice  structures.  This  paper 
focuses  on  the  fabrication  and  characterization  of 
such  a  system. 

Fig.  2a  shows  the  conduction  band  edge,  E^,  of 
a  conventional  GaAs/Al^Ga,_,As  superlattice. 
To  obtain  a  degenerate  electron  system,  the  bar¬ 


riers  in  such  a  structure  are  doped.  The  ionized 
dopant  atoms  are  therefore  in  close  proximity  to 
the  electrons,  encouraging  substantial  disorder  and 
scattering  of  electrons  by  ionized  impurities.  This 
results  in  a  system  with  low  electron  mobility, 
typically  less  than  10^  cm^/V  •  s  at  4  K  [6],  Fig.  2b 
schematically  shows  of  our  proposed  structure 
in  the  absence  of  any  space  charge.  Note  that  the 
dopant  atoms  on  both  sides  are  placed  outside  the 
well,  separated  from  the  well  by  undoped  (spacer) 
Al^.Ga,  _„As  (/  >  jf)  layers.  Once  transferred  into 
the  well,  the  electrons  screen  the  parabolic  poten¬ 
tial  and  an  electron  system  with  a  modulated 
charge  density  profile  is  expected  (fig.  2c). 

The  structure  was  grown  by  molecular  beam 
epitaxy  on  an  undoped  (100)  GaAs  substrate.  The 
Al  concentration,  x,  of  a  3000  A  wide  Al^Ga,  As 
well  was  quadratically  varied  between  x  =  0.04  at 
the  well  center  and  x  =  0.14  at  the  well  edges  and 
contained  an  additional  sinusoidal  variation  with 
a  period  of  200  A  and  a  peak-to-peak  amplitude 
of  0.05.  This  variation  in  x  along  the  growth 
direction  was  achieved  by  slowly  changing  the  Al 
oven  temperature  during  the  growth.  A  sinusoidal 
modulation  was  chosen  over  a  square-wave  poten¬ 
tial  because  the  latter  effectively  requires  two  Al 
furnaces  which  we  currently  do  not  have  [7].  The 
spacer  between  each  parabolic  well  edge  and  the 
nearest  Si  dopant  is  370  A  of  Alq^GaojAs  and  the 
doping  consists  of  five  Si  5-doped  layers,  each 
with  a  density  of  2.5  X  10’'  cm"  ^  and  spaced  37  A 
apart. 

Compositional  characterization  of  the  grown 
structure  was  made  using  secondary  ion  mass 
spectrometry  (SIMS),  the  experimental  details  of 
which  were  reported  elsewhere  [8].  Fig.  3  is  the 
SIMS  depth  profile  for  Al.  The  horizontal  axis 
was  calibrated  (converted  from  sputtering  time  to 
depth)  based  on  a  profilometer  measurement  of 
the  crater  depth  to  an  estimated  accuracy  of 
±10%.  The  profile  shows  a  fifteen-period 
sinusoidal  superlattice  superimposed  on  a  para¬ 
bolic  background.  The  measured  width  of  the  well 
and  period  of  oscillation  are  both  in  agreement 
with  the  growth  parameters  to  within  the  experi¬ 
mental  accuracy.  Measurements  of  the  curvature 
of  the  parabolic  Al  profile  and  the  amplitude  of 
the  sinusoidal  oscillations  can  be  made  to  within 
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Fig.  3.  SIMS  profile  measuring  Al  concentration  as  a  function 
of  depth. 


manner  with  the  applied  magnetic  field,  B,  per¬ 
pendicular  to  the  sample  plane.  The  high  field 
data  exhibit  the  integral  quantum  Hall  effect, 
QHE.  From  the  position  in  B  of  the  minimum 
and  p^,.  plateau  for  the  Landau-level  filling  factor 
I*  =  2,  3.0  T,  we  deduce  an  electron  density  = 
1.5x10”  cm”^.  The  low-temperature  mobility 
measured  for  the  structure  is  =1.1x10*  cmV'^  ■ 
s.  This  exceeds  the  value  reported  for  a  degenerate 
electron  system  in  a  conventional  supierlattice  [6] 
by  more  than  a  factor  of  ten. 

In  fig.  5b  the  energy  versus  B  fan-diagram  for 
our  structure  is  shown.  At  B  =  0,  self-consistent 
calculations  for  =  1.5  X  lO”  cm"^  (fig.  4)  indi¬ 
cate  that  five  electric  subbands  are  occupied. 
According  to  this  figure,  when  B  >  0.7  T  only  the 
lowest  (A  =  0)  Landau  levels  of  the  electric  sub¬ 
bands  are  occupied.  Since  the  separation  between 


±  30%  using  SIMS  and.  within  this  accuracy,  they 
agree  with  the  intended  parameters  [9], 

Self-consistent  calculations  for  this  structure 
are  shown  in  fig.  4  for  several  total  areal  densities, 
/I5,  in  the  well.  For  each  n^,  as  long  as  the  well  is 
not  overfilled,  the  charge  density  profile  is  nearly 
periodic  with  the  same  period  as  the  superlattice 
potential.  Because  of  the  finite  size  of  the  well,  the 
wavevector  along  the  growth  direction,  k.,  and 
the  energy  are  quantized.  The  additional  slow 
variation  in  the  charge  density  arises  from  a  finite 
number  of  energy  levels  being  occupied.  Note  that 
as  M,  increases,  the  electrons  spread  over  a  larger 
distance  in  the  well  so  that  the  peak  value  of  the 
charge  density  profile  remains  nearly  constant. 
This  is  the  expected  behavior  of  electrons  in  a 
partially-filled  parabolic  well  [1-3].  Once  the 
parabolic  well  is  overfilled,  electrons  start  to  accu¬ 
mulate  near  the  two  edges  of  the  well  as  shown  in 
fig.  4d.  These  calculations  therefore  indicate  that 
effective  screening  of  the  parabolic  potential  takes 
place  even  in  the  presence  of  the  additional  peri¬ 
odic  potential. 

Low-temperature  magnetotransport  measure¬ 
ments  were  performed  to  characterize  the  elec¬ 
tronic  properties  of  the  grown  structure.  The 
transverse  (p,,)  and  Hall  (p^y)  resistivities  shown 
in  fig.  5a  were  measured  in  the  conventional 
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Fig.  4.  Self-consistent  calculations  of  the  conduction  band  edge 
(solid  curves)  and  the  charge  density  profile  (dash-dotted 
curves)  are  shown  for  several  areal  densities,  n„  in  the  well. 
The  well  is  empty  in  (a),  underfilled  in  (b).  approximately  full 
in  (c).  and  overfilled  in  (d).  We  used  4£,.  =  750x  (meV)  for  the 
conduction  band  offset  of  GaAs/AI ,Ga ,  _ ,  As  and  m*/mg  = 
0.067  for  the  effective  mass. 
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Fig.  5.  Magnetotransport  coefficients  p, ,  and  p, ,  measured  at  7" »  30  mK  are  shown  in  (a).  The  energy  versus  B  fan-diagram  (dotted 
lines)  and  the  position  of  the  Fermi  level  (solid  curve)  are  shown  in  (b).  The  zero-field  energies  are  obtained  from  the  self-consistent 
calculations  shown  in  fig.  4c.  Only  the  first  three  Landau  levels  (N  =  0.  1.  and  2)  for  each  of  the  electric  subbands  are  shown.  Spin 

splitting  is  not  included. 


the  lowest  electric  subbands  is  small  ( =  0.1  meV), 
well  developed  QHE  features  (i.e.,  p,  ,-*0  and 
p, ,  -*  plateau)  are  expected  only  at  very  low  tem¬ 
peratures.  This  is  consistent  with  our  observation 
(not  shown  here)  that  the  high-field  QHE  for  this 
structure  already  becomes  weak  at  a  temperature 
of  *  300  mK.  The  addition  of  spin-splitting  com¬ 
plicates  the  picture;  it  results  in  possible  overlap 
of  (spin-split)  energy  levels  near  certain  integer 
filling  factors  and  can  lead  to  the  absence  of  QHE 
at  these  filling  factors.  The  filling  factors  at  which 
such  missing  QHE  states  should  occur  critically 
depend  on  the  electronic  subband  structure  and 
consequently  on  the  electron  density  and  the 
parameters  of  the  superlattice.  Uncertainties  in 
the  exact  shape  of  the  potential  well  (curvature  of 
the  parabolic  potential  and  amplitude  and  peri¬ 
odicity  of  the  modulation)  preclude  us  from  a 
more  quantitative  comparison  of  the  data  with  the 
calculations.  Preliminary  experiments,  however, 
reveal  that  small  changes  in  the  electron  density  in 
the  well  (via  application  of  a  back-gate  voltage) 
result  in  a  dramatic  disappearance  and  reap¬ 
pearance  of  the  QHE  states. 

In  summary,  we  report  the  fabrication  and 
characterization  of  a  superlattice  in  a  wide  para¬ 
bolic  well  which  includes  a  periodic  potential 
modulation.  Calculations  of  the  electronic  struc¬ 


ture  were  also  presented  to  demonstrate  the  self- 
consistent  charge  density  profile  in  the  system. 
Such  high-quality  .superlattices  can  provide  rich 
systems  for  the  study  of  phenomena  ari.sing  from 
interlayer  Coulomb  interactions  in  low-disorder 
multilayer  electron  systems. 
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Formation  of  quantum  well  wire-like  structures  by  MBE  growth 
of  AlGaAs/GaAs  superlattices  on  GaAs  (110)  surfaces 

Shigehiko  Hasegawa,  Masamichi  Sato,  Kenzo  Maehashi,  Hajime  Asahi  and  Hisao  Nakashima 

The  Insthute  of  Scientific  and  Industrial  Research,  Osaka  University,  Mihogaoka,  Ibaraki,  Osaka  567,  Japan 


We  report  on  molecular  beam  epitaxial  (MBE)  growth  of  AlCaAs/GaAs  superlattices  on  several  GaAs  (110)  substrates,  i.e. 
nominal  (110)  substrates  and  vicinal  (110)  substrates  misoriented  toward  (lll)A  and  (lll)B.  MBE  growth  of  the  superlattices  on 
vicinal  (110)  substrates  misoriented  toward  (lll)B  has  been  found  to  produce  quantum  well  wire-like  structures  being  coherently 
aligned  toward  the  (110)  direction  with  almost  equal  spacing.  We  discuss  the  formation  mechanism  of  the  quantum  well  wire-like 
structures  which  is  closely  related  with  the  MBE  growth  mechanism  on  (1 10)  surfaces. 


In  order  to  fabricate  quantum  well  wire  struc¬ 
tures.  several  techniques,  such  as  the  ion  implanta¬ 
tion  induced  disordering  [1]  and  the  molecular 
beam  epitaxial  (MBE)  growth  of  GaAs-AlAs 
“tilted  superlattices”  [2],  have  been  reported  and 
examined  intensively.  Recently,  we  have  reported 
that  quantum  well  wire-like  structures  are  formed 
spontaneously  during  the  MBE  growth  of  Al¬ 
GaAs/GaAs  superlattices  on  cleaved  GaAs  (110) 
substrates  [3].  In  order  to  study  this  phenomenon, 
AlGaAs/GaAs  superlattices  were  grown  by  MBE 
on  various  GaAs  (110)  substrates,  i.e.  nominal 
(110)  substrates  oriented  within  ±0.5°  and  vici¬ 
nal  (110)  substrates  misoriented  6°  toward  (lll)A 
and  (lll)B.  Scanning  electron  microscopic  (SEM) 
ob.servations  revealed  that  quantum  well  wire-like 
structures  were  formed  on  vicinal  (110)  substrates 
misoriented  6  °  toward  (1 1 1  )B  as  well  as  on  cleaved 
(110)  substrates.  In  this  paper  we  discuss  the  for¬ 
mation  mechanism  of  these  quantum  well  wire-like 
structures  in  terms  of  the  MBE  growth  mechanism 
on  (110)  surfaces  reported  by  Allen  et  al.  [4,5]. 

Superlattices  composed  of  300  A  thick  AIq, 
Ga^As  layers  and  300  A  thick  GaAs  layers  with 
8  periods  were  grown  on  vicinal  (110)  substrates 
misoriented  6°  toward  (lll)A  and  (lll)B,  and  on 
nominal  (110)  substrates  oriented  within  ±0.5° 
for  comparison.  Growth  temperature,  growth  rate 
of  GaAs  layers  and  flow  rate  of  AsHj  were  580°  C, 


0.1  fim/h  and  1.5  SCCM,  respectively.  Substrate 
surfaces  were  thermally  cleaned  at  720  °C  for  20 
min  in  As^  atmosphere.  Total  thickness  of  grown 
superlattice  layers  was  about  0.5  jim. 

SEM  micrograph  of  the  surface  of  the  sample 
grown  on  the  vicinal  (110)  substrate  misoriented 
6°  toward  (lll)B  is  shown  in  fig.  1.  Giant  steps 
are  observed  being  coherently  aligned  along  the 
(110)  direction.  The  distance  between  the  steps  is 


Fig.  1.  SEM  micrograph  ' 'n  the  surface  of  the  Alo  sGao  5As(3()0 
A)/GaAs(3(X)  A)  superlattice  grown  on  a  vicinal  GaAs  (110) 
substrate  misoriented  6°  toward  (lll)B. 


0022-0248/91 /$03.50  'C  1991  -  Elsevier  Science  Publishers  B.V.  (North-Holland) 


372 


S.  Hasegawa  el  al.  /  Formation  of  quantum  well  wire-like  structures 


Fig.  2.  Cross-sectional  SEM  micrograph  of  the  sample  shown 
in  fig.  1.  Alo5Ga(,5As  layers  of  the  sample  were  selectively 
etched  by  1 ; 21 : 20  solution  of  HF: H,0 : CjHjOH.  The  dark 
regions  in  the  SEM  micrograph  correspond  to  AIGaAs  layers. 

about  3000  A.  From  the  off-angle  of  the  substrate 
and  this  terrace  width,  the  step  height  is  estimated 
at  about  300  A.  In  contrast,  SEM  observation  of 
the  sample  grown  on  a  vicinal  (110)  substrate 
misoriented  6°  toward  (lll)A  revealed  smooth 
surface  morphology.  This  result  is  consistent  with 
the  report  by  Allen  et  al.  [4], 

Fig.  2  shows  the  cross-sectional  SEM  micro¬ 
graph  of  the  sample  shown  in  fig.  1,  i.e.  the 
superlattice  grown  on  vicinal  (110)  substrates 
misoriented  6°  toward  (lll)B.  Al„  ^Gay  ^As  layers 
of  the  sample  were  selectively  etched  by  1  :  21  :  20 
.solution  of  HF ;  HiO ;  C2H5OH.  The  dark  regions 
in  the  SEM  micrograph  correspond  to  AIGaAs 
layers.  The  SEM  micrograph  reveals  that  quantum 


well  wire-like  structures  are  formed  being  aligned 
toward  the  (111)  direction.  These  quantum  well 
wire-like  structures  are  observed  only  for  the  sam¬ 
ple  grown  on  vicinal  (110)  substrates  misoriented 
toward  (lll)B.  A  precise  investigation  of  the 
cross-sectional  SEM  micrograph  shows  that  dur¬ 
ing  earlier  stages  of  the  MBE  growth,  steps  be¬ 
come  higher  and  coherent  as  the  growth  proceeds, 
and  then  two  kinds  of  facets  are  formed  at  the 
giant  step  edges.  As  schematically  shown  in  fig.  3. 
these  facets  are  determined  to  be  mainly  com¬ 
posed  of  (lll)A  and  (lll)B  surfaces  from  the 
relative  angles  between  facets  and  (110)  terraces. 
Polarities  of  (111)  facets  were  determined  from  the 
orientation  relative  to  the  surfaces  of  the  mesa 
structure  shown  later.  The  terraces  between  giant 
steps  incline  about  5°  to  the  interface  between  the 
epitaxial  layer  and  substrate,  which  means  that  the 
terraces  are  oriented  exact  (110)  direction. 

The  quantum  well  wire-like  structures  in  fig.  2 
originate  in  the  (111)  facets  formed  at  giant  step 
edges.  So,  the  AlAs  mole  fraction  of  AIGaAs 
layers  on  (lll)A  and/or  (lll)B  facets  is  thought 
to  be  different  from  that  on  the  (110)  terraces,  as 
.schematically  shown  in  fig.  3.  Then,  a  1  gm  thick 
Al„jGa„5As  layer  was  grown  on  a  GaAs  (110) 
substrate  with  mesa  structures  composed  of  (110). 
(lll)A.  (lll)B  and  (100)  surfaces.  The  me.sa  struc¬ 
tures  were  made  with  anisotropic  etchant  (H^ 
SO4 .  H  ,0, ;  H  ,0  =  1  :  8  : 1 ).  The  surface  of  the 
AlosGa„^A.s  layer  was  covered  with  a  2500  A 
thick  GaAs  cap  layer.  Growth  temperature  and 


Fig.  3.  Schematic  illu^ttraiion  of  the  superlattice  .structure  shown  in  fig.  2. 
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Fig.  4.  Cross-sectional  structure  of  the  sample  used  for  EPMA  measurements;  (a)  SEM  micrograph;  (b)  schematic  illustration.  EPM.A 
measurements  were  carried  out  at  each  point  (A,  B,  C,  D  and  E).  Figure  in  parentheses  at  each  point  shows  A1  Kn  intensity 

normalized  by  that  at  A. 


growth  rate  were  580  °C  and  0.5  inn/h.  respec¬ 
tively.  Fig.  4  shows  a  cross-sectional  SEM  micro¬ 
graph  (fig.  4a)  and  schematic  cross  section  (fig. 
4b)  of  the  sample.  Electron  probe  microanalysis 
(EPMA)  measurements  were  carried  out  at  each 
point  (A,  B,  C,  D  and  E)  shown  in  fig.  4b.  The  Al 
Ka  intensity  at  each  point  is  normalized  by  that 
at  A  and  is  also  shown  in  fig.  4b.  The  AlAs  mole 


fraction  of  the  AlGaAs  layer  on  (lll)A  surfaces  is 
smaller  than  that  on  (110)  surfaces.  This  result  is 
very  consistent  with  that  of  cathodoluminescence 
measurements  which  showed  an  orientation  de¬ 
pendent  AlAs  mole  fraction  in  AlGaAs  epitaxial 
layers  [6].  This  orientation  dependent  AlAs  mole 
fraction  can  be  explained  by  the  orientation  de¬ 
pendence  of  the  Al  sticking  coefficient  and/or 


Fig.  3.  SEM  micrographs  of  the  vicinal  (110)  substrates  misorienled  6°  toward  (111)A  (a)  and  (lll)B  (b)  after  thermal  cleaning  at 

700  °  C  in  As2  atnKJsphere. 
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surface  diffusion  length.  The  quantum  well  wire¬ 
like  structures  shown  in  fig.  2  are  considered  to  be 
due  to  the  (lll)A  facet  formation  and  orientation 
dependent  AlAs  mole  fraction. 

Fig.  2  also  shows  that  the  quantum  well  wire¬ 
like  structures  originate  in  the  vicinity  of  the  inter¬ 
face  between  the  superlattice  layer  and  substrate. 
This  result  suggests  that  the  giant  growth  steps 
with  (111)  facets  are  formed  during  earlier  stages 
of  MBE  growth  or  thermal  cleaning  of  (110) 
surfaces.  Figs.  5a  and  5b  show  SEM  micrographs 
of  the  vicinal  surfaces  misoriented  6°  toward 
( 1 1 1  )A  and  ( 1 1 1  )B  after  thermal  cleaning  at  700  °  C 
in  As;  atmosphere,  respectively.  For  the  surface 
misoriented  6°  toward  (lll)A.  zig-zag  steps  are 
observed.  In  contrast,  the  morphology  of  the 
surface  misoriented  6°  toward  (lll)B  is  free  from 
any  structure.  Therefore,  the  giant  steps  observed 
in  figs.  1  and  2  are  considered  to  be  formed  during 
earlier  stages  of  the  MBE  growth.  Allen  et  al.  have 
reported  that  two-dimensiona'  growth  initiates  at 
Ga-rich  ledges  and  the  epita.Kial  growth  proceeds 
in  a  layer-by-layer  growth  mechanisms  on  vicinal 
(110)  surfaces  misoriented  6°  toward  (lll)A  [4,5). 
Their  result  is  very  consistent  with  ours  that  the 
growth  on  vicinal  (110)  surfaces  misoriented  6° 
toward  (lll)A  provides  the  smooth  surface  mor¬ 
phology  although  the  thermally  cleaned  surface  is 
rough.  The  zig-zag  steps  observed  at  the  thermally 
cleaned  vicinal  surface  misoriented  toward  (11 1)A 
provide  a  number  of  the  stable  chemisorption  .sites 
of  Ga  atoms.  Resultant  Ga-rich  ledges  serve  as  a 
basis  for  layer-by-layer  growth,  and  facet  free 
films  are  grown.  Therefore,  on  the  vicinal  (110) 
substrates  misoriented  toward  (lll)A,  the  Al- 
GaAs/GaAs  superlattices  are  grown  without 
quantum  well  wire-like  structures.  On  the  vicinal 
(110)  .surfaces  misoriented  6°  toward  (lll)B,  we 
considered  that  the  (lll)B  facets  at  step  edges 
interrupt  lateral  growth  initiated  at  Ga-rich  ledges. 
As  a  result,  (111)A  facets  shown  in  fig.  3  are 
formed  at  the  step  edges  as  the  MBE  growth 
proceeds.  This  (lll)A  facet  formation  and  orien¬ 
tation  dependent  ALAs  mole  fraction  induce  the 
quantum  well  wire-like  structures  in  this  sample. 
The  nominal  (110)  surfaces  are  not  exactly  as  flat 
as  cleaved  (110)  surfaces  and  are  locally  misori¬ 
ented  toward  different  directions.  The  local  miso- 


rientation  produces  the  growm  surfaces  with  differ¬ 
ently  oriented  facets  and  incoherent  superlattices 
without  quantum  well  wire-like  structures. 

In  conclusion,  we  have  found  that  the  quantum 
well  wire-like  structures  are  formed  by  the  MBE 
growth  of  AlGaAs/GaAs  superlattices  on  vicinal 
GaAs(llO)  substrates  misoriented  6°  toward 
(lll)B  as  well  as  cleaved  GaAs(110)  substrates. 
The  structures  are  coherently  aligned  along  (110) 
direction  with  almost  equal  spacing.  SEM  ob¬ 
servations  and  EPMA  measurements  confirm  that 
the  (lll)A  facet  formation  during  growth  and 
orientation  dependent  AlAs  mole  fraction  of  Al- 
GaAs  layers  induce  the  quantum  well  wire-like 
structures.  The  size  of  quantum  well  wire-like 
.structures  may  be  controlled  by  varying  the  off 
angle  of  vicinal  (110)  substrates  and/or  growth 
condition  such  as  growth  temperature,  thickness 
of  AlGaAs/GaAs  layers  and  .so  on.  Using  this 
phenomenon,  therefore,  we  think  that  we  can  easily 
fabricate  quantum  well  wire  structures  without 
any  .sophisticated  proces.s. 
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Accommodation  of  lattice  mismatch  is  investigated  for  the  case  of  large  (c  >  0.02)  mismatch.  In  particular,  the  regime  where  the 
separation  D  between  misfit  dislocations  is  much  less  than  the  strained  layer  thickness  h  is  considered  here.  The  conventional 
Matthew  s-B!akeslee  mechanism  for  creation  of  misfit  dislocations  is  found  to  be  inadequate  for  the  case  of  large  lattice  relaxation 
owing  to  interactions  amongst  the  misfit  disIcKaiions  at  the  interface.  According  to  St.  Venant's  principle,  the  stress  fields  of  the 
di>l^>cation  network  are  screened  beyond  a  distance  D  from  the  dislocation  cores.  This  observation  has  several  consequences, 
including  large  densities  of  threading  dislocations  and  the  “melting"  of  moderately  relaxed  heteroinlerfaces  at  conventional 
semiconductor  growth  temperatures.  A  number  of  experimental  observations  may  be  explained  via  these  models. 


1.  Introduction 

The  problem  of  accommodation  of  lattice  mis¬ 
match  at  a  heterointerface  is  one  of  great  practical 
and  scientific  concern.  On  the  practical  side, 
strained-layer  epitaxial  structures  offer  the  ability 
to  tailor  the  electronic  properties  of  semiconduc¬ 
tors  such  that  a  broad  continuum  of  material 
systems  is  made  available  for  application.  Beyond 
this,  however,  the  formation  and  properties  of 
interfacial  structures  which  accommodate  differ¬ 
ing  bulk  structures  is  a  wideranging  and  little 
understood  problem.  We  are  used  to  considering  a 
tiny  subset  of  this  field,  namely  those  structures  in 
which  the  two  materials  making  up  the  system 
have  essentially  the  same  crystal  structure  and 
nearly  the  same  lattice  constant.  In  this  case,  a 
reasonable  approximation  is  that  the  mismatch  is 
taken  up  by  a  lattice  of  misfit  dislocations,  whose 
introduction  can  be  described  using  the  Mat¬ 
thews- Blakeslee  model.  There  are  many  situa¬ 
tions.  however,  in  which  this  description  is  inade¬ 
quate.  The  problem  is  complicated  considerably 
when  the  materials  involved  do  not  have  the  same 
crystal  structure.  In  addition,  when  high  densities 
of  misfit  dislocations  appear,  the  interaction  of 
those  dislocations  amongst  themselves,  rather  than 
solely  with  the  misfit  stress,  can  dominate  the 
energetics  of  relaxation.  Finally,  a  dense  network 


of  misfit  dislocations  at  or  near  an  interface  can 
be  considered  another,  nearly  two-dimensional, 
material  in  its  own  right.  The  special  properties  of 
that  interfacial  material  can  strongly  affect  struc¬ 
tural  relaxation  and/or  stability. 

In  this  paper.  I  will  seek  to  examine  the  conse¬ 
quences  of  certain  of  these  phenomena.  The  sys¬ 
tems  considered  will  be  limited  to  materials  hav¬ 
ing  the  same  crystal  structure,  but  having  lattice 
parameters  which  differ  by  significantly  more  than 
one  percent.  This  number  will  come  out  of  the 
upcoming  analy.ses,  but  is  aLso  motivated  by  a 
large  number  of  experimental  studies  in  which 
“something  bad"  happens  to  structures  grown 
from  materials  having  lattice  mismatch  of  about 
2%  or  greater.  Initially,  the  Matthews- Blakeslee 
mechanism  for  strained-layer  relaxation  will  be 
reviewed.  The  unusual  nature  of  misfit  disloca¬ 
tions  will  then  be  briefly  examined,  to  establish  a 
basis  for  treating  highly  relaxed  structures.  The 
stress  field  of  a  regular  network  of  misfit  disloca¬ 
tions  will  be  described,  primarily  to  justify  our 
later  u.se  of  a  valuable  qualitative  rule  for  stress 
analysis  of  such  structures.  St.  Venant's  principle. 
This  rule  will  then  be  applied  to  two  specific 
problems,  the  observation  of  very  large  threading 
dislocation  densities,  and  the  lo.ss  of  rectilinear 
form  in  the  misfit  dislocation  network,  in  large 
mismatch  structures.  The  treatment  will  be  tu- 
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torial  in  places,  lo  make  the  material  acce.ssible  to 
the  widest  possible  audience. 


2.  Matthews-Blakeslee  relaxation  mechanism 


For  over  four  decades,  the  possibility  that  lattice 
mismatch  «  between  two  materials  can  be  accom¬ 
modated  via  a  network  of  misfit  dislocations  at 
their  interface  has  been  appreciated.  At  that  time, 
a  simple  atomistic  model  for  the  energetics  con¬ 
trolling  this  process,  in  the  limit  where  the  spacing 
D  between  misfit  dislocations  is  much  greater 
than  the  layer  thickness  h,  was  developed  [1].  This 
model,  however,  did  not  address  the  process  of 
formation  of  the  misfit  dislocation  network.  That 
question  was  first  seriously  addressed  by  Mat¬ 
thews  and  Blakeslee  (2|.  who  observed  that  thread¬ 
ing  dislocations  become  unstable  against  forma¬ 
tion  of  misfit  diskx'ations  when  the  misfit  strain  is 
large  enough.  As  shown  in  fig.  1.  the  portion  of  a 
threading  dislocation  which  lies  in  a  strained  layer 
is  subjected  to  a  force  along  its  glide  plane.  As  the 
remainder  of  the  threading  disUxation  experiences 
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Fig  I  Schematic  of  the  Matthews-Blakeslee  mechanism  for 
formation  of  misfit  disUxations.  The  segment  of  the  threading 
disliKation  in  the  strained  ovcrlayer  is  forced  to  the  right  hv 
the  mis.it  stress.  If  that  stress  is  greater  than  the  line  tension  of 
a  misfit  dislocation,  the  excess  stress  is  greater  than  zero,  and 
the  threading  dislocation  becomes  unstable  against  formation 
t>f  a  misfit  dislocation  at  the  interface,  as  illustrated. 


only  self-forces  transmitted  via  a  line  tension,  it 
tends  to  stay  near  its  original  position.  If  the  line 
tension  of  a  misfit  dislocation  at  the  strained  layer 
interface  is  less  than  the  force  on  the  threading 
dislocation,  the  portion  of  the  threading  disloca¬ 
tion  in  the  strained  laver  is  free  to  move  along  its 
glide  plane,  leaving  behind  a  misfit  dislocation.  It 
is  important  to  note  that,  despite  the  restricted 
nature  of  this  model,  in  reality  strong  assumptions 
are  not  being  made  concerning  the  original  source 
of  the  misfit  dislocations.  Even  if  a  local  event, 
such  as  nucleation  at  inclusions  or  operation  of  a 
Frank-Read-type  source,  is  originally  responsible 
for  the  dislocations,  once  the  misfit  dislocations 
extend  beyond  the  locality  of  the  source  further 
extension  is  the  result  of  a  Matthews-Blakeslee 
mechanism. 

It  is  convienent  to  de.scribe  the  stability  of 
threading  dislocations  in  a  strained  layer  structure 
by  defining  an  excess  stress  [3].  If  we  take  the 
case  of  (001)  diamond-cubic  strained  interfaces 
and  60°  dislocations  (typical  for  small-mismatch 
group  IV  and  lll-V  semiconductors),  the  excess 
stress  is 


1  -r  I'  fih  ]  ~  I'  cos‘)3  ln(4/i,,7)) 
“  1  —  27r  ]  - 1>  h 


!1) 


where  g  is  shear  modulus,  v  is  Poisson's  ratio,  h  is 
the  magnitude  of  the  Burgers  vector  of  the  disloca¬ 
tion.  and  P  is  the  angle  between  the  Burgers 
vector  and  the  line  of  the  disicxation.  The  first 
term  reflects  the  force  on  the  threading  dislocation 
from  interaction  with  the  strained  layer,  and  the 
.second  term  describes  the  line  tension  of  the  misfit 
disltxation.  Given  the  excess  stress,  the  net  glide 
force  on  the  threading  dislocation  is  simply 

F  =  0.5hhn^^.  (2) 

Clearly,  misfit  dislocations  will  be  produced  when 
IS  greater  than  z.ero.  .Although  the  rate  of 
dishxation  formation,  and  hence  of  stress  relaxa¬ 
tion,  depends  on  a  number  of  additional  kinetic 
factors  [4],  the  Matthews-Blakeslee  model  has  had 
a  remarkable  degree  of  success  in  describing  the 
equilibrium  behavior  of  small-mismatch  strained- 
laver  structures. 
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3.  Misfit  dislocations  in  highly  relaxed  structures 

In  a  formal  sense,  a  misfit  dislocation  is  defined 
by  a  line  and  a  Burgers  vector,  as  are  conventional 
dislocations.  It  is  natural,  however,  to  wonder  if 
these  structures  are  truly  analogous.  In  a  normal 
edge  dislocation,  for  example,  an  additional  plane 
of  atoms  is  inserted  into  the  material  (fig.  2a). 
This  produces  a  hoop  stress  which  varies  inversely 
with  the  distance  from  the  dislocation  core.  (2'7rr 
+  J  matter  is  compressed  into  2'rrr  circumference. 
The  resulting  strain  is  -  d/lirr.)  The  dislocation 
energy,  which  is  obtained  by  integration  from  the 
core  region,  is  logarithmically  dependent  on  dis¬ 
tance  from  the  core. 

.An  edge  misfit  dislocation  appears  to  be  a 
rather  different  entity  (fig.  2b).  In  this  case,  the 
extra  plane  of  atoms  is  not  inserted  by  force,  but 
rather  is  the  natural  result  of  the  lattice  mismatch 
of  the  materials  on  either  side  of  the  dislocation. 
In  the  vicinity  of  the  core  (r  <  b/t).  therefore, 
there  is  little  residual  strain.  Since  the  energy  is 
obtained  by  integration  over  space,  it  would  ap¬ 
pear  that  a  misfit  dislocation  has  smaller  energy 
than  a  formally  equivalent  conventional  diskx'a- 
tion. 

Of  course,  the  dilemma  set  up  above  is  spe¬ 
cious;  formally  equivalent  dislocations  have  iden¬ 
tical  material  displacements,  stress  fields,  and  en¬ 
ergies,  The  confusion  results  from  inconsistent 
choices  of  reference  svstems  in  the  twd  cases.  As 
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Fig.  3.  An  inierfacial  wall  of  misfit  dislocation.^. 


illustrated  in  fig.  2.  in  both  cases  a  surface  bulge 
results  from  the  dislocation,  which  is  a  result  of 
the  excess  material  added.  In  fact,  the  displace¬ 
ments  are  actually  identical  (assuming  equal  ela.s- 
tic  constants)  if  the  displacements  are  measured 
relative  to  their  respective  dislocation-free  struc¬ 
tures.’.  If  the  reference  structure  happens  to  be 
strained,  then  that  strain  must  be  added  to  the 
dislocation  strain  to  obtain  the  total  structural 
strain  (and  hence  stress  and  energy). 

A  particularly  clear  (and  useful)  illustration  of 
this  point  is  to  consider  an  interfacial  wall  of  edge 
misfit  dislocations,  as  shown  in  fig,  3.  The  stress 
field  of  such  a  distribution  of  disloca.ions  is  [5]: 


o, ,  = 
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F  ig.  2  f)isl(Kalion.s  as  displacements  from  a  disliKation-free 
reference  slate  In  (a)  appears  an  edge  dislocation  below  the 
surface  of  a  mcmolithic  structure.  In  (b)  is  shown  an  edge 
misfit  disl(Kalion  at  the  interface  between  an  unstrained  sub¬ 
strate  and  a  strained  overlayer.  Although  the  region  above  the 
edge  dislocation  is  strained  in  compression,  and  the  same 
region  above  the  misfit  dislocation  is  roughly  free  of  strain,  the 
displacements  from  the  respective  dislocation-free  reference 
slates  arc  the  same. 


or 

pb 

2Z>(1  —  »')(cosh27r)'  — cos2irA’)" 

X  [2  .sinh  ?.7tY  (co.sh  27r)'  -  cos  277 A  ) 

—  277T(cosh  27ry  cos  27rA' —  1)].  (4) 

where  D  is  the  dislocation  separation.  A'  =  a/ D. 
and  Y=  v/D.  Only  o, ,  has  a  long-range  stres- 
component.  In  the  limit  of  large  T.  it, ^  converges 
to  pb/D{\  -  v).  This  is  the  total  stress  if  a  wall  of 
edge  dislocations  is  placed  in  a  single  unstrained 
material. 

In  the  present  ca.se.  however,  the  wall  is  posi¬ 
tioned  at  the  interface  between  two  materials  hav- 
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ing  lattice  mismatch  c.  The  dislocation-free  refer- 
ence  structure  is  that  in  which  one  of  the  materials 
(chosen  to  be  }' >  0)  is  subjected  to  a  uniform 
biaxial  strain,  resulting  in  a  coherent  interface. 
The  resulting  stress  is  (1  +  »’)/ne/(l  —  k).  which 
must  be  subtracted  from  the  stre.ss  field  of  the 
dislocation  wall  to  obtain  the  total  stress  of  the 
structure. 

If  the  mismatch  is  entirely  accommodated  by 
the  dislocation  wall,  the  limiting  stress  of  the 
dislocation  wall  and  the  mismatch  stress  of  the 
dislocationfree  structure  must  be  equal  and  oppo¬ 
site.  .so  that  the  total  structure  has  no  long-range 
Stress  fields.  This  condition  allows  us  to  solve  for 
/>„.  the  equilibrium  separation  between  misfit  dis- 
kscations. 

D„  =  />,  (1  rrle.  (5) 

This  is  not  precisely  correct  when  systems  of  finite 
extent  are  considered,  but  is  a  very  good  ap¬ 
proximation  when  the  layer  thickness  h  is  sub- 
stanliallx  greater  than  /)„. 

4.  Relaxation  energetics  and  St.  Venant's  principle 

The  later  stages  of  Matthews  Blakeslee  relaxa¬ 
tion  in  a  strained-layer  structure  thick  enmigh  tliat 


D  ^  h  will  be  dominated  by  the  interaction  of  the 
dislocation  wall  stress  field  (rather  than  the  biaxial 
misfit  stress  alone)  with  threading  dislocations. 
This  total  stress  a  =  a,,  —  (1 -t- ej/xf/fl  —  e)  is 
shown  in  a  contour  plot  in  fig.  4  for  the  case 
where  the  dislocation  separation  is  D„:  the  misfit 
stre.ss  is  exactly  compensated  by  the  dislocation 
wall  far  away  from  the  interface.  (The  contours 
are  labeled  in  GPa.)  Whereas  an  i.solated  disloca¬ 
tion  would  have  stress  levels  of  about  0.3  GPa  at  a 
distance  of  D  =  2  in  silicon,  the  structure  consid¬ 
ered  here  has  stress  levels  less  than  0.001  GPa  at 
that  distance  from  the  interface.  As  a  result,  when 
relaxation  is  nearly  complete,  the  primary  elastic- 
interactions  take  place  very  near  the  interface, 
where  the  stresses  are  large. 

A  useful  tool  for  considering  the  interaction  of 
dislocations  with  such  complex  dishK’ation  struc¬ 
tures  is  St.  Venant's  principle  |6].  This  states  that 
statically  equivalent  forces  applied  to  a  ItK’al  re¬ 
gion  of  a  body  cause  no  long-range  changes  in  the 
total  stress  field,  and  that  the  characteristic  dis¬ 
tance  of  the  changes  in  the  internal  stress  distribu¬ 
tion  is  roughly  that  of  the  linear  dimensions  of  the 
kx.al  region.  For  example,  the  stress  distribution 
of  two  bodies  whose  surfaces  are  pressed,  with 
equal  forces,  by  a  sharp  needle  ;md  a  ri>d  of 
diameter  J  are  essentially  equivalent  at  distances 


f  ig.  4  Siresv  conlours  ft'r  iho  disItKaliGn  configuration  in  fig,  3.  Stress  here  is  in  (iPa.  The  dislocation  separatii'ii  was  chosen  to 
cancel  the  misfit  strain  far  from  the  interface.  Note  that  verv  little  of  the  stress  appears  beyond  one  dislc>cation  separation  from  the 

interface. 
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substantially  greater  than  d  from  the  pressure 
point. 

St.  Venant’s  principle  also  allows  the  stress 
distribution  of  a  periodic  array  of  dislocations  to 
be  estimated.  If  we  refer  again  to  fig.  4,  it  will  be 
.seen  that  there  is  little  stress  beyond  a  distance  of 
y  =  1  from  the  dislocation  wall.  As  a  result,  it  is  a 
reasonable  approximation  to  eschew  exact  calcula¬ 
tions.  which  become  intractable  for  more  complex 
configurations,  and  take  the  total  stress  as  the 
superposition  of  the  individual  fields  of  the  dislo¬ 
cations  cut  off  at  a  distance  equal  to  the  disloca¬ 
tion  separation  D.  (Comparison  with  exact  calcu¬ 
lations  will  sometimes  suggest  that  the  length  scale 
should  vary  somewhat  from  D.  This  will  generally 
affect  only  quantitative  estimates,  but  not  qualita¬ 
tive  conclusions.)  .Although  this  procedure  will  not 
reproduce  the  exact  stress  field  of  a  given  disloca¬ 
tion  distribution,  it  does  allow  relatively  easy 
evaluation  of  the  merit  of  possible  mechanisms  for 
structural  change. 


5.  Appearance  and  unfilterabilitv  of  large  threading 
dislocation  densities 

A  common  (indeed,  nearlv  ubiquitous)  feature 
of  growth  of  highly  strained  layers  is  the  ap¬ 
pearance  of  very  high  (  -  !()'■  cm  ’)  densities  of 
threading  dislocations  near  the  interface.  (This 
phenomenon  also  appears  occasionally  in  struc¬ 
tures  having  little  strain.)  Although  the  threading 
dislocation  density  becomes  smaller  with  con¬ 
tinued  growth,  annealing,  and  the  inclusion  of 
disliKation  filtering  structures,  there  appears  to  be 
a  minimum  density  of  residual  dislocations  which 
varies  as  a  function  of  layer  thickness.  In  the  case 
of  Cia.As  layers  on  Si  with  a  thickness  of  several 
microns,  that  density  appears  to  be  in  the  neigh- 
borhoixl  of  lO’cm  ’. 

This  is  a  problem  of  considerable  practical  im- 
pi'rtance.  as  this  density  of  dislocations  is  enough 
to  render  the  epilayer  usele.s.s  for  a  number  of 
desirable  applications.  There  have  been  many  ex¬ 
perimental  studies  of  such  structures,  primarily 
aimed  at  testing  various  schemes  for  reducing  the 
residual  threading  disUxation  density.  There  has 
been,  however,  very  little  examination  of  why  lhe.se 


Fig.  5.  Threading  disloealion  arm.s  interacting  to  prevent  fur¬ 
ther  generation  of  misfit  dislocations  by  the  Matthews- 
Blakeslee  mechanism. 


enormous  densities  appear,  and  why  they  are  .so 
resistant  to  being  removed  from  the  system.  I 
believe  that  one  of  the  major  factors  involved  is 
that,  as  strain  relaxation  proceed.s.  the  interactions 
of  the  threading  dislocation  segments  in  the 
strained  layer  amongst  themselves  can  become 
larger  that  the  interactions  with  the  remaining 
layer  strain  which  is  driving  the  relaxation  prtKess. 
At  this  point,  the  dislocations  become  "frozen”  in 
place.  In  this  section,  a  simple  model  for  this 
phenomenon  will  be  discu.ssed. 

Consider  a  strained  layer  relaxing  by  the  Mat¬ 
thews- Blakeslee  mechanism.  This  involves  a  num¬ 
ber  of  threading  dislocation  arms  moving  through 
the  strained  epilayer  (fig.  5).  We  want  to  de¬ 
termine  at  what  threading  dislocal  on  density  the 
inter-arm  interaction  is  equal  to  the  arm-strained 
layer  interactiim.  as  at  this  point  the  motion  of  the 
arms  will  be  frozen.  The  force  between  two  seg¬ 
ments  of  threading  dislocation  is  roughly 

/^i.i  =  (pf»V27r  )/ip'  ^  (6) 

where  p  is  the  threading  dislocation  density  and  h 
is  the  strained  layer  thickness. 

The  force  on  the  threading  disUxation  arms 
driving  Matthews  Blakeslee  relaxation  is  obtained 
from  eqs.  (1)  and  (2)  by  substituting  the  distance 
D  between  misfit  dislocations  at  the  strained  layer 
interface  for  the  layer  thickness  h.  This  substitu¬ 
tion  is  allowed  by  St.  Venant's  principle  when  the 
layer  is  nearly  relaxed.  At  this  point.  D  -  h/(£,i  - 
£>.  where  e„  is  the  total  mismatch  of  the  materials 
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and  £  is  the  residual  misfit.  As  £  «  cq  is  assumed,  basis  for  our  discussion.  The  energy  of  an  atomic 

we  can  substitute  eg  =  £o  -  <•  This  yields  length  of  dislocation  is  roughly 


1  -  eg  4w  " 


The  condition  for  interference  with  dislocation 
arm  motion  is  This  yields 


P  = 


27r(  1  +  (<  )£ 
(1  -  »’)«o 


j4 

«0 


(8) 


The  dislocation  density  for  interference  with 
mismatch  rela.xation  can  now  be  estimated.  In 
practical  use.  the  second  term  of  eq.  (8)  dominates 
because  £/£,,  «  1.  For  the  GaAs/Si  system,  then, 
p  ~  5/i  ’.  For  a  thickness  of  100  A.  this  would 
predict  a  density  of  5  x  lO’’  cm '  ’.  For  a  thickness 
of  5  pm.  the  density  would  be  roughly  2  X  10’ 
cm  '.  Both  of  these  values  are  consistent  with 
experimental  values.  Even  though  the  above  dis¬ 
cussion  is  a  sketch  of  a  complete  model,  rather 
than  an  accurate  description  of  the  interference 
phenomenon,  agreement  with  numerous  experi¬ 
ments  lends  credence  to  the  ideas  developed  here. 


(9) 

We  use  here  D  ~  h/e  in  a  (nearly)  relaxed  struc¬ 
ture.  This  reflects  the  two-dimensional  distribu¬ 
tion  of  the  misfit  dislocations.  The  other  notation 
is  consistent  with  our  earlier  usage,  and  6  is  a  core 
energy  parameter  which  will  be  fit  to  experiment. 
Nabarro  (5]  has  estimated  the  entropy  of  a  dislo¬ 
cation  array,  including  terms  from  positional  ent¬ 
ropy.  vibrational  entropy  of  the  dislocation  line, 
and  vibrational  entropy  of  the  surrounding  lattice. 
He  obtains  an  estimate  of  -  5A;  for  the  total 
entropy  per  atomic  length  of  the  di.slocation  line. 
Using  this,  the  free  energy  per  atom  in  an  interfa¬ 
cial  region  of  a  relaxed  structure  with  an  initial 
mismatch  of  £  is 

I  ^ 

F(«.  F)  =  -  ^£  ln(6£)  -  5A£r.  (10) 

In  the  conventional  melting  theory,  the  "melt¬ 
ing"  point  7',,,  is  taken  as  that  temperature  satisfy¬ 
ing  F(0. /]„)=  7'(1-  7^„)-  In  the  current  situation, 
however,  the  initial  density  of  dislocations  is  not 


6.  Dislocation  "melting”  at  the  strained-layer  inter¬ 
face 

Another  phenomenon  which  is  commonly  ob¬ 
served  in  structures  exhibiting  lattice  mismatch 
larger  than  about  2  is  a  transition  from  a 
rectilinear  network  of  long  60°  dislocations  to  a 
tangled  mess  of  edge  and  mixed  dislocations  in  the 
interfacial  region.  The  resulting  structures  are  rem¬ 
iniscent  of  those  expected  in  the  dislocation  theory 
of  melting.  In  that  theory,  a  liquid  is  suppo.sed  ti> 
be  a  solid  densely  packed  with  dislocations,  so 
that  the  shear  strength  of  the  resulting  material 
would  be  minimal.  This  may  or  may  not  be  an 
appropriate  model  of  a  liquid,  but  it  is  a  rca.sona- 
bly  good  de.scription  of  the  material  near  the 
interface  of  a  highly  strained  structure.  1  will 
investigate  below  the  possibility  that  di.sUx;ation 
"melting"  is  active  in  producing  such  structures. 

Mizushima  [7]  has  produced  an  equilibrium 
model  of  di.slocation  “melting",  which  provides  a 


LATTICE  M1SM,ATCH 

Fig.  6.  Reduction  m  "meliing”'  tcniperalurc  of  an  inierfacial 
region  due  to  the  presence  of  a  high  density  of  misfit  disliKa- 
tu»ns.  This  calculation  assumes  that  nearly  all  of  the  mismatch 
is  acconinnHiated  by  such  dislixaiions  prii>r  to  melting,  which 
allows  the  initial  disliK'ation  density  to  be  expressed  m  terms  of 
the  lattice  mismatch.  This  is  not  necessary  for  the  reduction  to 
appear. 
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zero,  but  instead  can  be  \tty  large.  The  condition 
for  “melting”  is  thus 

f(£.r„,)  =  f(i.r„).  (ii) 

A  small  value  of  t  can  produce  a  large  change  in 
The  adjustable  parameter  5  is  set  by  requiring 
that  the  “melting”  temperature  for  a  dislocation- 
free  material  be  equal  to  that  observed  experimen¬ 
tally.  The  relative  “melting”  point  as  a  function  of 
initial  mismatch  is  then 


^  ,  _  i  In  t 
T„(0)  1  -  r  In  5  ■ 


(12) 


Using  this  relation,  as  a  function  of  t  is  shown 
in  fig.  6  for  a  strained  silicon-like  material.  Ob¬ 
serve  that  the  melting  temperature  is  reduced  to 
the  range  of  typical  growth  temperatures  for  a 
mismatch  of  about  4T,  in  reasonable  agreement 
with  experiment. 


7.  Conclusion 

in  this  paper.  1  have  attempted  to  establish  that 
it  is  reasonable  that  the  relaxed  structure  of  struc¬ 
tures  compo.sed  of  materials  having  large  lattice 


mismatch  differs  qualitatively  from  that  character¬ 
istic  of  systems  with  small  mismatch.  The  stress 
distributions  and  interactions  associated  with  a 
member  of  a  dense  network  of  misfit  dislocations 
are  quite  different  from  the  equivalent  quantities 
for  an  isolated  dislocation.  In  particular,  models 
have  been  presented  suggesting  that  the  common 
observations  both  of  large  densities  of  threading 
dislocations  and  of  dense  non-rectilinear  networks 
of  dislocations  near  the  interface  in  large  misfit 
relaxed  structures  are  collective  effects  reflecting 
the  effect  of  dislocation-dislocation  interactions. 
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Growth  processes  and  relaxation  mechanisms  in  the  molecular  beam 
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The  ver>  first  stages  of  growth  during  the  molecular  beam  epitaxy  of  InAs  on  GaAs  are  studied  The  growth  mtide  is  found  to  be 
closel)  related  to  the  mechanisms  of  strain  relaxatiisn.  The  onset  of  3D  nucleation  initiates  strain  relief  by  the  formation  of  relaxed 
islands  with  subsequent  segregation  and  intermixing  of  the  group  Ml  elements.  In  multilayer  structures,  a  competition  between 
different  relaxation  paths  is  observed,  regulated  b>  the  individual  layer  thickness  rather  than  by  the  net  strain  In  the  structure. 


In  this  work,  we  .study  the  nucleation  and  strain 
relief  processes  in  the  molecular  beam  epitaxy  of 
InAs  on  GaAs.  Single  as  well  as  multiple  In.As/ 
Ga.As  structures  are  investigated  by  a  combination 
of  different  methods.  In  situ  reflection  high  energy 
electron  diffraction  (RHEED)  provides  a  sensitive 
probe  of  the  growth  mode  of  the  epilayer.  High- 
resoluiion  electron  microscopy  (HRTEM)  and 
high-resolution  double-crystal  X-ray  diffractome- 
try  (HRDXD)  are  combined  for  an  accurate  de¬ 
termination  of  the  structural  properties. 

The  InAs/GaAs  structures  are  grown  on  un¬ 
doped  (100)  GaAs  substrates  by  conventional 
solid-.source  molecular  beam  epitaxy  (MBE).  Prior 
to  the  growth  of  the  InAs/GaAs  heterostructures, 
a  1  fim  thick  GaAs  buffer  layer  is  deposited.  In 
the  single  layer  .samples,  the  InAs  layer  is  capped 
with  200  nm  GaAs.  The  structural  parameters  of 
the  presented  samples  as  determined  by  EIRDXD 
and  Raman  spectroscopy  are  given  in  table  1.  The 
growth  process  itself  is  identical  for  all  of  the 
samples.  Each  of  the  InAs  layers  is  grown  at 
420  °C.  whereas  the  GaAs  buffer  and  barrier  layers 
are  grown  at  540  °C.  To  avoid  In  desorption,  a 
few  monolayers  of  GaAs  are  deposited  at  420  °C 


on  top  on  the  InAs  layer,  before  healing  up  again 
to  540 °C.  In  order  to  obtain  smooth  and  homoge¬ 
neous  layers  and  to  minimize  the  density  of  atomic 
steps  at  the  growth  surface,  the  InAs  layers  are 
deposited  in  half-monolayer  increments,  annealing 
the  surface  after  each  deposition  under  Asj  for 
120  s  at  the  growth  temperature  of  420  °C.  The 
reference  for  the  calibration  of  the  substrate  tem¬ 
perature  is  given  by  the  desorption  of  the  native 
oxide  at  580° C  ob.served  in  the  RHEED  pattern. 
The  RHEED  monitoring  of  the  growth  process 
will  be  di.scussed  below.  The  X-ray  measurements 
are  performed  with  a  computer-controlled  high- 
resolution  double-crystal  diffractometer  [1]  using 
Cu  Ka,  radiation  in  the  vicinity  of  the  symmetri¬ 
cal  (400)  and  the  asymmetrical  (422)  and  (511) 
GaAs  reflections,  re.spectively.  The  entire  X-ray 
.spectrum  between  ^^=2°  and  0„=55°  is  re¬ 
corded  by  using  the  powder  diffractometer  with  a 
post-sample  curved  graphite  monochromator.  The 
cross-sectional  .samples  for  the  HRTEM  investiga¬ 
tion  are  prepared  by  the  conventional  sandwich 
technique.  They  are  cut  into  (110)  .slices  and 
thinned  to  approximately  20  nm  by  ion  milling. 
The  investigation  is  performed  with  a  JEOL 
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Table  1 

Parameters  of  the  InAs/GaAs  heterostruclures  under  consideration:  listed  are  the  number  of  periods  n,  the  thickness  of  the  InAs 
layer  d.  the  period  as  determined  by  X-ray  diffraction  (X^l  and  Raman  scattering  (Xr^).  the  lattice  mismatch  parallel  (6p)  and 
perpendicular  )  to  the  layer  plane,  the  degree  of  relaxation  R  and  the  critical  thickness  of  the  whole  structure  (  ) 


Sample 

No. 

n 

d 

(A) 

Xx 

(A) 

(A) 

S, 

R 

He  ‘  ' 

(A) 

6660 

1 

2.15 

_ 

_ 

1.49X10  ‘ 

0 

0 

_ 

6664 

1 

9.55 

- 

_ 

_  d> 

d) 

d) 

- 

6665 

1 

10,33 

- 

- 

dl 

_ 

6720 

20 

4.39 

25.8 

26.2 

2.23x10  ’ 

3.15X10  ’ 

0.256 

105 

6722 

10 

4.00 

53.4 

52.2 

1.03x10  - 

3.86x10  •* 

0.07 

224 

The  InAs  layer  thickness  corresponds  to  the  unstrained  value  and  represents  thus  the  amount  of  In  atoms  incorporated. 

In  the  ca.se  of  multilayers,  the  measured  mismatch  is  weighted  with  the  respective  thicknesses  of  the  consituent  layers. 

■According  to  the  model  of  Matthews  and  Blakeslee  (6). 

'  The  lattice  images  of  this  structures  reseal  a  fractional  strain  relief.  However,  no  quantitative  determination  by  means  of  HRDXD 
is  possible  due  to  the  angular  shift  of  the  interference  fringes. 


4000EX  microscope,  including  diffracted  beams 
up  to  the  {400}  reflection  in  the  diffraction  aper¬ 
ture. 

Information  about  proces.ses  occurring  during 
the  deposition  of  the  InAs  layers  is  obtained  by  in 
situ  RHEED.  The  InAs  layers  are  grown  near  the 
boundary  to  the  In-stabilized  region,  as  mani¬ 
fested  by  a  sharp  transition  from  a  well  defined 
(2x4)  reconstruction  to  a  (4  x  1)  reconstruction 
for  a  slightly  increased  growth  temperature  of 
430  °C.  The  occurrence  of  sharp  reconstruction 
streaks  reflects  a  2D  layer-by-layer  growth  and  is 
observed  during  the  deposition  of  the  first  two 
monolayers.  The  annealing  cycle  after  the  deposi¬ 
tion  of  half-monolayer  increments  results  in  a 
sharpening  of  the  reconstruction  streaks  in  the 
RHEED  pattern,  indicating  a  smoothing  of  the 
growth  surface  due  to  the  dis.sociation  of  sponta¬ 
neously  formed  InAs  islands  and  the  subsequent 
incorporation  of  migrating  In  atoms  in  surface 
step  sites  [2|.  When  monitoring  the  grviwth  of 
thicker  InAs  layers  (up  to  10  monolayer  (ML)),  a 
sharp  transition  from  the  (2  x  4)  reconstruction  to 
a  spotty  RHEED  pattern  at  a  thickness  of  2.5  ML 
is  observed,  revealing  the  onset  of  three-dimen¬ 
sional  nucleation.  This  transition  is  interpreted  as 
a  change  in  growth  mtxle  cau.sed  by  the  large 
lattice  misfit  between  the  two  materials  (Stranski- 
Krastanov  growth)  [3], 

In  fig.  1  we  show  the  symmetrical  (400)  and  the 
asymmetrical  (422)  diffraction  patterns  of  a  single 


layer  InAs  on  GaAs.  capped  with  200  nm  GaAs. 
The  InAs  thickness  is  determined  to  be  0.8  ML. 
referring  to  the  tetragonally  distorted  unit  cell  of 


Fig.  I  F.xperimental  (dotted  line)  and  simulated  (stilid  line) 
X-ray  diffraction  patterns  recorded  in  the  vicinity  of  the  sym¬ 
metrical  (400)  (a)  reflection  and  the  asymmetrical  (422)  reflec¬ 
tion  (b).  respectively,  with  Cu  Ko,  radiation,  for  sample  JthMiO 
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Fig,  2.  Experimental  X-ray  diffraction  patterns  in  the  vicinity 
of  the  symmetncal  (400)  reflection,  recorded  with  Cu  Ka, 
radiation  for  samples  *6664  (a)  and  *6665  (b).  respec¬ 
tively. 

strained  InA.s.  The  RHEED  pattern  during  growth 
exhibits  a  (2x4)  reconstruction  as  discussed 
above.  The  excellent  agreement  between  the  ex¬ 
perimental  and  simulated  diffraction  patterns  re¬ 
veals  the  perfect  crystal  quality  of  the  sample.  In 
addition,  diffraction  around  asymmetric  reflec¬ 
tions  demonstrates  a  coherent  growth  of  the  InAs 
layer,  i.e..  the  lattice  mismatch  is  accomodated 
entirely  by  an  elastic  tetragonal  distortion  of  the 
InAs  unit  cell. 

Fig.  2  shows  the  experimentally  diffraction  pat¬ 
tern  of  samples  with  InAs  layer  thicknesses  of  3.4 
ML  (fig.  2a)  and  3.7  ML  (fig.  2b),  respectively. 
For  both  of  the  samples,  a  spotty  RHEED  pattern 
develops  duiing  the  growth.  The  onset  of  3D 
nucleation  as  indicated  by  the  RHEED  observa¬ 
tion  manifests  itself  in  an  decreasing  amplitude 
and  an  angular  shift  of  the  interference  fringes 
adjacent  to  the  main  epitaxial  reflection 
resulting  from  the  lo.ss  of  phase  coherence  of  the 
X-vay  wave  fields  in  the  crystal  [4]. 


The  systematic  comparison  of  the  actual  growth 
rates  of  the  ultrathin  strained  layers  with  those 
derived  from  the  measured  thickness  of  bulk  sam¬ 
ples  grown  under  identical  conditions  reveals  a 
strong  impact  of  the  strain  on  the  In  incorporation 
[5].  Additionally,  the  In  incorporation  drops 
abruptly  when  the  layer  thickness  exceeds  the 
onset  for  3D  growth.  This  important  phenomenon 
will  be  discussed  in  connection  with  the  HRTEM 
measurements  presented  below. 

In  fig.  3.  the  high  re.solution  lattice  images  from 
the  structures  of  fig.  la  and  fig.  2b  are  shown.  The 
projected  InAs  layer  appears  as  a  dark  line  in  the 
brighter  GaA.s  matrix.  The  structure  shown  in  fig. 
3a  is  found  to  be  free  from  dislocations,  having  in 
fact  the  excellent  structural  quality  as  suggested 
by  the  X-ray  investigation.  In  contrast,  in  fig.  3b  a 
strong  fluctuation  of  the  InAs  layer  is  observed, 
which  directly  reflects  the  first  stage  of  island 
nucleation.  Symmetrically  introduced  60 “-type 
dislocations  with  their  Burgers  vector  inclined  on 
opposing  {111}  planes  are  detected  at  the  edges  of 
the  islands  [4].  Furthermore,  the  upper  interface  is 
not  well  defined  but  is  strongly  intermixed  with 
the  adjacent  GaAs  layer.  This  experimental  find¬ 
ing  suggests  that  the  initial  relaxation  of  InAs 
islands  results  in  an  enhanced  segregation  of  In 
during  the  overgrowth  with  the  GaAs  cap  layer 
(strain  enhanced  diffusion).  This  segregation  pro¬ 
cess  is  thought  to  be  responsible  for  the  sharply 
decreasing  growth  rate  mentioned  above,  since  In 
atoms  floating  at  the  growing  surface  can  readily 
be  desorbed  during  the  heating  cycle. 


Fig.  3.  High  resolution  lattice  images  of  sample  *6660  (a)  and 
#6665  (b).  respectively.  The  (100)  InAs  layer  appears  as  a 
dark  line  in  the  GaAs  matrix. 
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Angle  (mrad)  Angle  (mrcu) 

Fig.  4.  Experimental  (dotted  line)  and  simulated  (solid  line)  diffraction  patterns  in  the  vicinity  of  the  symmetrical  (400)  and 

a.symmetrical  (51 1)  reflection,  respectively,  for  sample  as 6722. 


Fig.  4  show.s  the  diffraction  patterns  of  sample  elasticity  theory  [6],  which  predicts  almost  com- 

*6722  around  the  symmetric  (400)  (fig.  4a)  and  plete  relaxation  (95^)  for  the  structures  presented 

the  a.symmetric  (511)  (fig.  4b)  reflections,  re.spec-  here. 

tively.  The  data  obtained  from  these  measure-  The  individual  layer  thicknesses  of  all  multi- 

ments  yield  the  mean  lattice  misfit  perpendicular.  layer  structures  are  well  within  the  limit  for  coher- 

.  and  parallel.  5  .  to  the  (100)  layer  plane.  The  ent  2D  growth.  It  is  thus  expected  that  the  relaxa- 

struciural  parameters  derived  from  these  measure-  tion  takes  place  only  at  the  substrate-superlattice 
ments  are  summarized  in  table  1.  It  is  worth  interface,  i.e.  the  superlattice  as  a  whole  is  char¬ 
noting  that  the  degree  of  relaxation  is  always  acterized  by  an  in-plane  mismatch  6  .  This  allows 

much  smaller  than  expected  from  the  equilibrium  us  to  determine  the  elastic  strain  components  of 


Fig.  5.  High  resolution  lattice  images  for  samples  #6722  (a)  and  #6720  (b).  respectively.  In  the  upper  part  of  (a),  the  whole 
superlattice  structure  is  shown.  In  the  inset  below,  the  InAs/GaAs  interface  depicted  by  the  white  frame  is  shown  in  magnification. 
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the  individual  layers  which  enter  the  simulation 
shown  in  fig.  4.  The  position  of  the  superlattice 
peaks  in  the  experimental  diffraction  patterns  are 
well  reproduced  by  the  simulation.  However,  the 
experimental  superlattice  satellites  are  apparently 
broadened  with  respect  to  the  theoretical  ones. 
The  broadening  and  the  reduced  intensity  of  the 
first  order  satellites  ( ±  1 )  can  be  attributed  to  the 
incoherent  X-ray  scattering  at  heterointerface  in¬ 
homogeneities  (thickness  fluctuations).  The  broad¬ 
ening  of  the  main  satellite  (0)  indicates  the  pres¬ 
ence  of  defects  such  as  clusters  or  threading  dislo¬ 
cations  within  the  superlattice  structure.  Thu.s.  the 
relaxation  process  severely  affects  the  quality  of 
the  whole  structure,  although  the  mi.sfit  disloca¬ 
tions  are  most  likely  generated  at  the  superlattice 
base. 

In  fig.  5.  we  show  lattice  images  of  two  samples 
with  the  same  InAs  layer  thickness  (1.5  ML)  but 
different  GaAs  thickness  and  number  of  periods 
(see  table  1).  In  fig.  5a  misfit  dislocation  forma¬ 
tion  at  the  base  of  the  superlattice  is  observed. 
The  individual  interfaces  are  homogenous  and  es¬ 
sentially  free  from  defects  (see  the  inset  of  fig.  5a 
where  one  interface  is  .shown  in  magnification).  In 
contrast,  in  fig.  5b  a  strong  intermixing  of  the 
individual  layers  is  apparent.  These  results  indi¬ 
cate  that  the  strain  relaxes  initially  by  the  forma¬ 
tion  of  mi.sfit  dislocations  at  the  superlattice  base. 
The  residual  strain  within  the  whole  superlattice  is 
then  preferentially  relieved  by  layer  intermixing. 

Finally,  we  should  mention  that  the  vibrational 
as  well  as  the  optical  properties  of  the  investigated 
samples  can  readily  be  understood  by  considering 
both  the  structural  and  chemical  disorder  induced 
by  strain  relaxation  [4.7]. 

To  conclude,  the  nucleation  of  InAs  on  GaAs 
was  found  to  take  place  by  the  Stranski-Kra.stanov 


growth  mode.  The  analysis  of  both  the  HRDXD 
patterns  and  the  HRTEM  lattice  images  has  re¬ 
vealed  the  strong  correlation  of  the  growth  mode 
of  the  InAs  layer  to  the  mechanism  of  strain 
relaxation.  The  on.set  of  3D  growth  initiates  strain 
relaxation  by  the  formation  of  relaxed  islands  with 
subsequent  intermixing  of  the  group  Ill  elements. 
This  segregation  process  is  considerably  enhanced 
by  the  strain  between  relaxed  InAs  islands  and  the 
GaAs  cap  layer,  resulting  in  an  abrupt  drop  of  the 
In  incorporation.  In  multilayer  structures  with  in¬ 
dividual  InAs  layer  thicknesses  below  tho.se  re¬ 
quired  for  the  on.sel  of  3D  growth,  but  with  a  total 
thickness  exceeding  the  critical  one.  the  structural 
stability  is  governed  by  the  total  thickness  of  the 
superlattice  as  predicted  by  the  equilibrium  elas¬ 
ticity  theory.  However,  in  addition  to  the  initial 
relaxation  at  the  superlattice  base  strain  relief 
proceeds  at  the  internal  interfaces,  regulated  by 
the  individual  layer  thickne.ss. 

This  work  has  been  partly  supported  by  the 
Bundesministerium  fiir  Forschung  und  Technolo- 
gie  of  the  Federal  Republic  of  Germany. 
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We  have  grown  InAs/GaAs  shon-periorl  strained-layer  superlaltiees  (SPSLSs)  hv  hoih  conventional  molecular  beam  epitaxy 
(MBE)  and  migralion  enhanced  epitaxy  (MEE).  Our  efforts  have  been  directed  towards  the  optimization  of  growth  parameters 
including  shutter  times,  growth  interrupt  times,  and  substrate  temperatures  for  both  growth  techniques.  We  have  investigated  several 
structures  with  different  numbers  and  thickne.s.ses  of  InAs  and  GaAs  layers.  Optical  measurements,  including  absorbance.  C'W 
phoioluminescence  (PL),  and  time  resolved  PL.  have  been  employed  to  determine  the  quality  of  the  samples.  We  have  grown  samples 
with  50  repetitions  of  the  SPSLS  separated  by  20  nm  GaAs  barrier  layers  which  have  exhibited  excellent  5  K  C'W  PL  peaks  with  full 
width  at  half  maximum  (FWHM)  of  less  than  *3  meV.  In  addition,  several  samples  have  shown  rixim  temperature  exciton  features  in 
absorbance  spectra,  A  synchronously  mode-ltKked  Slyryl  9  dye  laser  has  been  used  in  conjunction  with  a  streak  camera  to  perform 
time  resolved  PL  measurements,  thereby  determining  carrier  lifetimes  in  the  .samples.  We  will  discuss  our  results,  comparing  the 
growth  conditions  as  well  as  the  different  SPSLS  structures,  in  terms  of  the  optical  data  that  we  have  obtained. 


There  has  been  great  interest  in  indium-con¬ 
taining  III-V  strained-layer  superlattice  (SLS) 
semiconductor  structures  because  they  can  exhibit 
relatively  small  in-plane  effective  hole  masses  and 
hence  large  hole  mobilities.  This  low  effective  mass 
can  significantly  reduce  the  threshold  current  in 
semiconductor  lasers  [1.2]  as  well  as  increase  the 
speed  of  complementary  electronic  circuits  [3].  In 
addition,  strained  indium-containing  compounds 
have  been  investigated  because  they  have  absorp¬ 
tion  edges  at  wavelengths  a.s.sociated  with  low  loss 
and  minimum  dispersion  in  silica  fibers,  and  hence 
are  compatible  with  optical  communications  ap- 
plication.s. 

The  majority  of  the  previous  work  involving 
indium-containing  SLSs  on  GaAs  .substrates  has 
employed  ternary  In,Ga,  ,  As  compounds  [4-6]. 
We  have  grown  and  characterized  an  SLS  system 
which  employs  only  the  binary  constituents  InAs 
and  GaAs  [7.8].  The  use  of  binary  compounds  has 
some  distinct  advantages  over  the  random  InGaAs 


alloy,  firstly,  during  the  growth  of  InAs/GaAs. 
accurate  control  of  the  InAs  and  GaAs  layer 
thicknes.ses  yields  the  desired  effective  composi¬ 
tion  and  bandgap.  When  growing  binary  com¬ 
pounds.  layer  thicknesses  can  be  precisely  moni¬ 
tored  by  in-situ  reflection  high-energy  electron 
diffraction  (RHEED)  o.scillations  [9.10].  Fig.  1 
shows  RHEED  intensity  oscillations  observed  dur¬ 
ing  the  growth  of  one  of  our  samples.  Each  period 


Fig.  1.  RHEED  o.scillations  from  a  GaAs  spacer  layer  during 
the  growth  of  an  InAs/GaAs  SPSL.S. 
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Fig.  2.  Schematic  diagram  of  a  2x5x6  SPSLS  on  a  CiaAs 
Mibsiraie 


of  the  oscillation  corresponds  to  the  deposition  of 
one  full  monolayer  of  material  (i.e.  half  of  a  unit 
cell).  In  contrast,  during  InGaAs  growth,  reliable 
measurement  and  control  of  the  group  HI  flux 
ratio  is  difficult  and  therefore  it  is  less  easy  to 
control  the  composition,  and  hence  the  bandgap. 
of  the  ternary  material.  Secondly,  replacing  the 
ternary  compound  with  an  all-binary  one  has  the 
effect  of  reducing  or  eliminating  alloy  disorder 
scattering,  which  may  improve  the  transport  prop¬ 
erties  t)f  the  material  and  remove  the  alloy-dis¬ 
order  broadening  contribution  to  the  absorption 
linewidth. 

We  have  grown  various  InAs/GaAs  short- 
period.  strained-layer  superlaitice  (SPSLS)  struc¬ 
tures.  and  have  employed  the  notation  /  x  /  x  k  to 
specify  the  SPSLS.  Here,  i  and  /  give  the  thick¬ 
nesses.  in  monolayers  (ML),  of  each  layer  of  InAs 
and  GaAs.  respectively.  Then  A  designates  the 
number  of  layers  of  the  In.As  that  alternate  with 
the  ( A  -  1 )  layers  of  GaAs  to  form  each  super¬ 
lattice.  The  samples  investigated  in  this  work  are 
all  2  X  5  X  A;  the  upper  part  of  fig.  2  depicts  a 
2x5x6  SPSLS.  The  5  ML  GaAs  layers  are  too 
thin  to  prevent  strong  overlap  of  electron  and  hole 
wave  functions  between  adjacent  InAs  layers,  and 
therefore  each  SPSLS  can  be  treated  as  being,  in 
effect,  a  sinjfle  (fuantum  well. 

Clearly,  samples  containing  many  such  quan¬ 
tum  wells  are  required  for  practical  materials  or 
devices  involving  optical  absorption.  Therefore, 


we  have  grown  samples  containing  up  to  50  repe¬ 
titions  of  the  SPSLS  structure,  with  adjacent 
SPSLSs  separated  by  14  to  25  nm  thick  GaAs 
barrier  layers.  These  structures  are  described  as 
multiple  SPSLSs  or  M-SPSLSs.  Fig.  2  depicts  a 
50-repetition  2x5x6  M-SPSLS  used  in  our  work. 
Such  samples  are  coherently  strained;  when  ob- 
.serving  the  photolumine.scence  (PL)  spectrum  of 
the  .samples  at  5  K.  we  have  measured  only  a 
slight  increase  ( ~  2  meV)  of  the  linewidth  of  a 
50-repetition  2x5x6  M-SPSLS  compared  to  a 
single  repetition  2x5x6  SPSLS. 

We  have  investigated  several  structures  in  an 
attempt  to  obtain  high  optical  quality  material 
with  various  bandgaps  (wavelengths).  We  have 
confirmed  (for  the  growth  conditions  di.scussed 
below)  that  the  critical  thickness  [11]  of  InAs  on 
GaAs  is  2  ML.  Depending  on  the  values  of  /  and 
/,  different  numbers  of  InAs  layers  (A  in  our 
notation)  can  be  grown  in  each  SPSLS  without 
relaxation  of  the  strain.  The  upper  limit  for  A  in 
the  2  X  5  x  A  structure  is  not  known  explicitly, 
although  it  lies  between  10  and  50.  which  may  be 
determined  by  comparing  the  5  K  PL  spectra  for  a 
2  X  5  X  10  and  a  2  X  5  X  50  SPSLS.  The  PL  peak 
for  the  2  X  5  X  10  sample  was  centered  on  919  nm 
and  had  a  linewidth  (full  width  at  half  maximum 
height)  of  9  meV,  whereas  the  PL  peak  for  the 
2  X  5  X  50  sample  had  a  much  lower  peak  inten¬ 
sity,  a  line  center  at  1420  nm  and  a  linewidth  of 
185  meV.  Such  a  large  wavelength  shift  in  the  PL 
cannot  be  ascribed  simply  to  the  loss  of  quantum 
confinement  in  the  2  X  5  x  50  structure,  but  must 
be  assvK'iated  with  the  relaxation  of  the  strain. 

The  M-SPSLSs  have  been  grown  by  molecular 
beam  epitaxy  (MBE)  as  well  as  by  migration  en¬ 
hanced  epitaxy  (MEE)  [12].  Excellent  results  have 
been  obtained  with  both  growth  techniques  if  the 
substrate  temperature  is  held  below  530 °C  during 
the  growth  of  the  M-SPSLS.  Furthermore,  the 
arsenic  (As.)  overpressure  is  just  adequate  to 
maintain  an  arsenic  stabilized  surface.  This  is 
verified  by  the  observation  of  a  (2  x  4)  reconstruc¬ 
tion  pattern  via  RHEED.  In  all  of  the  samples,  a 
400  500  nm  buffer  layer  is  grown  with  a  substrate 
temperature  of  600  °C  after  succe.ssfully  desorbing 
the  native  oxide  layer.  Next,  the  .substrate  is 
ramped  down  to  530 °C  in  5  min  as  we  continue 
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to  grivw  GaAs.  The  GaAs  growth  rate  is  reduced 
from  0.28  nm/s  to  about  0.14  nm/s  at  the  begin¬ 
ning  of  the  substrate  temperature  ramp.  Finally, 
the  M-SPSLS  is  grown  on  the  buffer  layer  by 
either  conventional  MBE  or  by  MEE. 

The  shutter  sequence  for  the  MEE  growth  is 
depicted  in  fig.  3.  Note  that  the  group  III  flux  is 
deposited  in  the  absence  of  an  arsenic  flux  in 
MEE  in  contrast  to  MBE  where  the  arsenic  flux  is 
not  interrupted  during  the  entire  growth.  It  has 
been  found  that  the  quality  of  the  MEE  grown 
films  are  strongly  dependent  on  the  group  III 
shutter  times  [13].  Unlike  arsenic,  the  growth  of 
elemental  group  III  constituents  (In  and  Ga)  is 
not  self-limiting.  Hence,  we  must  carefully  control 
the  shutter  times  for  the  In  and  Ga  in  order  to 
deposit  an  exact  ML  of  material  and  maintain  a 
stoichiometric  layer.  Low  temperature  (5  K)  PL 
linewidths  as  narrow  as  those  from  the  highest 
quality  MBE  grown  M-SPSLS  samples  are  ob¬ 
tained  by  careful  shutter  control  while  utilizing  the 
MEE  method. 

Fig.  4  shows  the  wavelength  of  the  5  K  CW  PL 
emission  peaks  plotted  against  number  of  InAs 
layers  ( k )  for  five  different  50-repetition  samples 


-  two  2x5x6,  one  2x5x8,  and  two  2x5x10 
M-SPSLS  samples.  Four  of  the  samples  were 
grown  by  MEE  whereas  one  of  the  2  x  5  x  10 
samples  was  grown  by  conventional  MBE.  Fur¬ 
thermore,  the  two  2  X  5  X  10  samples  were  grown 
months  apart  with  the  effusion  cells  recharged 
between  the  growths.  All  five  of  the  samples  con¬ 
tain  20  nm  barrier  layers  between  each  of  the  50 
SPSLSs.  The  run-to-run  reproducibility  of  the 
growth  is  clearly  evident;  the  PL  peaks  for  the  two 
2x5x6  structures  are  essentially  indistinguisha¬ 
ble,  as  are  those  for  the  two  2  X  5  X  10  structures. 
In  addition,  the  uniformity  of  the  50  individual 
SPSLSs  within  each  sample  is  excellent  since  the 
PL  linewidths  range  between  6  and  10  meV 
FWHM  for  the  five  samples. 

We  have  examined  the  optical  quality  of  the 
50-repetition  samples  using  time  resolved  PL.  Fig. 
5  depicts  typical  15  K  time-resolved  PL  .scans  of  a 
50  period  2x5x8  M-SPSLS  at  various  laser 
excitation  intensities.  The  samples  were  excited 
with  a  frequency-doubled  Nd  :  Y AG-pumped, 
mode-locked.  Styryl  9  dye  laser  which  generates 
pulses  of  5  ps  duration  at  810  nm.  Photolumines¬ 
cence  at  915  nm.  corresponding  to  recombination 
of  the  n  =  1  heav'y-hole  exciton.  was  detected  with 
a  streak  camera  operated  in  the  synchroscan  mode. 
For  the  lowest  excitation  intensity  of  1.4x10' 
W/cm^  which  generated  an  average  carrier  den- 


Fig.  4.  Low  temperature  (5  K)  PI.  peak  versus  number  of  InAs 
wells  (A:)  for  five  different  2x?x  A  M-SPSLS  samples. 
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Fig.  5.  Time  resolved  phoioluminescence  of  an  InAs/GaAs 
2  X  5  X  8  M-SPSLS  at  various  excitation  intensities. 


sity  of  2.1  X  10''’  cm  '  in  the  SPSLS.  the  photo¬ 
luminescence  was  observed  to  decay  exponentially 
with  a  decay  constant  1.65  ns.  This  long  exciton 
lifetime  attests  to  the  high  quality  of  the  M-SPSLS 
samples.  At  higher  excited  carrier  densities,  some¬ 
what  shorter  photoluminescence  lifetimes  were  ob¬ 
served.  along  with  a  clear  decrease  in  the  PL 
risetime.  A  detailed  discussion  of  the  time-re- 
solved  PL  will  be  the  subject  of  a  future  publica¬ 
tion. 

Room  temperature  absorption  spectra  were  ob¬ 
tained  for  each  of  the  2  x  5  x  A'  M-SPSLS  sam- 


Fig.  6  Risim  temperature  absorbance  from  an  InAs/CiaAs 
2  <  5  X  R  M-SPSLS. 


pies.  Fig.  6  depicts  the  absorbance  spectrum  of  a 
50-repetition  2x5x8  sample,  wtth  tentative 
identifications  for  the  more  prominent  features  on 
the  curve.  The  peaks  corresponding  to  the  n  =  1 
conduction  band  to  heavy  hole  (Cl HI)  and  n  =  2 
conduction  band  to  heavy  hole  (C2H2)  transitions 
indicate  the  presence  of  enhanced  excitonic  ab¬ 
sorption  strengths  due  to  two-dimensional  con¬ 
finement  in  the  sample.  In  contrast,  the  feature  we 
identify  as  the  n  =  1  conduction  band  to  light  hole 
(Cl LI)  transition  is  poorly  resolved  at  this  tem¬ 
perature.  Similar  curves  have  been  obtained  for 
the  2x5x6  and  2x5x10  M-SPSLSs,  with  cor¬ 
responding  features  shifted  to  longer  wavelengths 
as  A  increases.  This  is  consistent  with  the  2  X  5  X  A 
SPSLS  forming  a  single  effective  quantum  well, 
the  width  of  which  increases  as  A  is  increased. 

We  have  attempted  to  do  standard  tight  bind¬ 
ing  calculations  and  envelope  wave  function  calcu¬ 
lations  for  these  structures  in  order  to  determine 
theoretically  the  wavelengths  of  the  transitions. 
However,  the  theoretical  wavelength  predictions 
are  always  shifted  to  the  red  with  re.speci  to  the 
experimental  results.  We  are  developing  a  model 
which  completely  accounts  for  the  large  strain  in 
these  structures  by  employing  deformation  poten¬ 
tials.  in  order  to  successfully  calculate  the  wave¬ 
length  of  the  transitions. 

In  conclusion,  we  have  demonstrated  that  very 
high  optical  quality  (InAs/GaAs)-on-GaAs  sam¬ 
ples  with  strong  excitonic  transitions  in  the  900- 
1000  nm  wavelength  range  can  be  obtained  by 
employing  the  M-SPSLS  structure.  Clearly,  the 
optical  properties  depend  on  the  M-SPSLS  struc¬ 
ture  and  not  on  the  growth  technique,  since  strong 
room  temperature  excitonic  features  have  been 
observed  in  samples  grown  by  both  MBE  and 
MEF..  We  are  presently  working  on  a  model  to 
calculate  the  energy  levels  in  single  or  multiple 
SPSLSs.  In  addition,  we  plan  to  investigate  ad¬ 
ditional  /X/XA  M-SPSLSs  by  varying  j  and  A 
in  an  attempt  to  further  vary  the  emission  wave¬ 
lengths  of  the  samples.  We  intend  to  incorporate 
the  SPSLS  as  an  active  region  in  a  GaAs/Al- 
GaAs-ba.sed  GRINSCH  laser.  We  expect  very  low 
threshold  currents  and  should  easily  obtain  a  980 
nm  wavelength  which  is  optimum  for  pumping 
lasers  based  on  Er-doped  fibers. 
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We  studied  the  heterojunction  band  offsets  (HBOs)  at  highly-strained  InAs/GaAM  IfX))  heteroinierfaces  with  an  emphasis  on  the 
effects  of  strain.  The  core  level  energy  differences  between  In  4d  and  Ga  3d  levels  in  InAs/GaAs  heierosiructures  arc  measured  by 
in-situ  X-rav  photoeleciron  spectroscopy  and  found  to  be  only  slightly  dependent  on  the  substrate  lattice  constant.  The  effect  of 
strain  on  the  core  level  energies  relative  to  the  valence  band  maxima  (VBM)  was  theoretically  taken  into  account.  The  determined 
valence  band  offset  (CaAs)j  is  0.53  eV  on  GaAs  substrates  and  -0.16  cV  on  InAs  substrates,  clearly 

indicating  a  large  effect  of  strain  on  the  valence  band  off.sei  (  -  0.7  eV)  in  this  .sv.siem. 


Recentl>.  the  InA.s/GaAs  short  period  super- 
lattice  has  attracted  much  attention  for  its  possi¬ 
bility  to  replace  disordered  In^Ga,  .As  alloy  (!]. 
In  spite  of  its  importance,  only  a  few  works  have 
been  done  to  determine  InAs/GaAs  heterojunc¬ 
tion  band  offset  (HBO)  experimentally  [2],  The 
main  difficulty  arises  from  the  fact  that  this  sys¬ 
tem  has  about  1%  lattice  mismatch  and  that  the 
critical  thickness  for  generating  misfit  dislocations 
is  as  thin  as  2  monolayers  (MLs)  [3],  This  makes  it 
very  difficult  to  determine  HBOs  accurately  by  the 
conventional  methods  which  have  been  .success¬ 
fully  applied  to  the  lattice-matched  systems. 

In  this  work,  we  studied  HBOs  at  pseudomor- 
phic  lnAs/GaAs(100)  interfaces  by  X-ray  photo¬ 
electron  spectroscopy  (XPS).  It  was  found  that  the 
core  level  energy  difference  between  In  4d 

level  and  Ga  3d  level  in  InAs/GaAs  heterostruc¬ 
tures  only  slightly  depends  on  the  in-plane  lattice 
constant.  Furthermore,  we  took  into  account  theo¬ 
retically  the  strain-induced  shifts  of  the  energy 
distance  between  the  core  levels  and  the  valence 
band  maxima  (VBM),  which  were  neglected  in  the 
previous  work  [2].  The  determined  valence  band 
offset  A£'v  is  found  to  be  strongly  dependent  on 
the  in-plane  lattice  constant  and  is  compared  with 
recent  experimental  and  theoretical  results  [2,4]. 


All  the  samples  used  in  this  study  were  grown 
by  molecular  beam  epitaxy  (MBE).  We  prepared 
unstrained  bulk  GaAs  and  InAs  and  two  types  of 
heterojunctions;  i.e.  GaAs/lnAs/GaAs  double 
heteroslructures  (DHs)  on  GaAs  substrates  (type 
I)  and  the  reversed  InAs/GaAs/lnAs  DHs  grown 
on  InAs  substrates  (type  II).  Type-1  samples  were 
prepared  by  growing  successively  1  jum  thick  Si- 
doped  n  '-GaAs  buffer  layer,  2  ML  thick  undoped 
InAs  strained  interlayer,  and  5  ML  thick  GaAs 
capping  layer  on  Si-doped  n-type  GaAsflOO)  sub- 
.strates.  The  type-11  structures  were  grown  on  un¬ 
doped  n-type  InAs(lOO)  substrates  in  the  reversed 
growth  sequence.  The  strained  interlayer  is  suffi¬ 
ciently  thin  to  avoid  the  generation  of  misfit  dislo¬ 
cations.  The  capping  layers  minimize  the  experi¬ 
mental  uncertainty  originated  from  the  surface 
chemical  shift.  Samples  with  clean  mirror  surfaces 
were  obtained  at  substrate  temperatures  around 
450  °C.  The  reflection  high  energy  electron  dif¬ 
fraction  (RHEED)  patterns  were  recorded  by  pho¬ 
tographs  to  ensure  that  the  lattice  relaxation  does 
not  occur  in  these  samples.  MBE-grown  samples 
were  immediately  transferred  to  the  XPS  chamber 
via  the  ultra  high  vacuum  transfer  tube.  XPS 
measurements  were  performed  with  a  monochro¬ 
matic  A1  Ka  X-ray  source  (/tf  =  1486.6  eV). 
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Table  1 

Measured  and  calculated  energy  differences  (in  eV) 


Sample 

r  © 

I 

4£cl 

rCVS 

^CL 

ru 

^hh 

£ih 

C(_V 

GaAs 

18.75  ±0.05 

18.53 

-0.17 

0.59 

0.86 

InAs 

InAs/GaAs  (type  I) 
GaAs/InAs  (type  II) 

17.36  ±0.05 

1.64  ±0.02 
1.60±0.02 

17.25 

0.39 

0.18 

0.90 

First,  we  measured  the  core  level  binding  en¬ 
ergies  relative  to  VBM,  and  on 

MBE-grown  unstrained  bulk  GaAs  and  InAs  sam¬ 
ples,  respectively.  (Superscript  0  denotes  the  un¬ 
strained  bulk  values.)  The  energy  positions  of  core 
levels  and  VBM  were  determined  in  the  same 
manner  as  described  in  ref.  [2],  Obtained  values  of 
Eas3d  ^nd  are  tabulated  in  table  1. 

The  core  level  energy  distance  AE^  between 
In  4d  and  Ga  3d  levels  was  obtained  from  XPS 
measurements  on  DH  samples.  A  typical  core 
level  XPS  spectrum  of  a  type- 1  InAs/GaAs  DH  is 
shown  in  fig.  1 .  We  carried  out  three  independent 
experiments  for  each  type  of  structure.  Least 
squares  fitting  by  the  reference  spectra  of  Ga  3d 
and  In  4d  core  levels  was  used  to  separate  the  two 
closely-spaced  core  levels.  The  determined  4£cl 
was  1.64  ±  0.02  eV  and  1.60  ±  0.02  eV  for  type-I 


Kinetic  Energy  (eV) 

Fig.  1.  A  typical  XPS  spectrum  measured  on  an  InAs/GaAs 
heterostructure  grown  on  a  (100)  GaAs  substrate  (type-I  sam¬ 
ple).  The  background  function  is  subtracted  as  described  in  ref. 
[2).  The  dots  are  the  XPS  data  and  the  solid  line  denotes  the 
curve  obtained  by  Fitting  with  the  reference  spectra  of  Ga  3d 
and  In  4d  core  levels  measured  on  bulk  samples  (broken  lines). 
The  inset  shows  the  sample  structure. 


and  type-II  samples,  respectively,  only  slightly  de¬ 
pending  on  the  in-plane  lattice  constant. 

Fig.  2  shows  schematic  energy  band  diagrams 
at  InAs/GaAs  heterointerfaces  grown  on  GaAs 
substrates  (fig.  2a)  and  on  InAs  substrates  (fig. 
2b).  The  valence  band  offsets  2i£v[  =  Fv(InAs)  — 
£v(GaAs)]  can  be  obtained  as  follows: 

A£v=  -FoaM  +  ^i^ad+^fcL 
for  GaAs  substrates,  (1) 

AEy=  -E^!,,  +  E,ll  +  AE,.L 
for  InAs  substrates.  (2) 

Here,  Eq^^^  and  £,'^,1^  are  the  core  level  energies 
referenced  to  the  top  of  the  strain-split  VBM. 
(Superscript  S  denotes  the  values  for  strained 


A£p=0.38  eV 


a£c=0.08  eV 


fit-v- 


*G«3d" 


A£„=0.16eV 

I 


-CVS 

'Ga3d 


IE 


cVO 

^In4<l 


'^CV 


T 


(a)  InAs  strained  (type-I) 


GaAs  InAs 

(b)  GaAs  strained  (type-II) 

Fig.  2.  Schematic  energy  band  alignments  at  InAs/GaAs  het- 
erointerfaces  grown  (a)  on  GaAs  substrates  and  (b)  on  InAs 
substrates. 
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layers.)  Although  and  iffL  are 

measurable  quantities  by  XPS,  it  is  very  difficult 
to  determine  and  experimentally.  In 

the  previous  work  [2],  fofsd  and  were  re¬ 

placed  with  their  unstrained  values.  However,  this 
approximation  is  not  always  correct.  Therefore, 
the  key  point  in  predicting  HBOs  in  the  strained 
InAs/GaAs  systems  is  to  estimate  Eq^:^  and 
accurately  by  theoretical  considerations  [5J. 

The  biaxial  strain  associated  with  pseudomor- 
phic  epitaxy  can  be  decomposed  into  the  hydro¬ 
static  part  and  the  uniaxial  part.  Van  de  Walk 
and  Martin  have  theoretically  shown  that  the  en¬ 
ergy  difference  between  the  centroid  of  the  va¬ 
lence  band  maximum  (CVBM)  and  the  core  level 
is  influenced  by  the  hydrostatic  part,  and  that  the 
uniaxial  part  splits  VBM  around  CVBM  without 
shifting  the  centroid  [6]. 

First,  we  consider  the  effect  of  the  hydrostatic 
part  of  the  strain.  Within  the  framework  of  the 
tight  binding  (TB)  theory  and  the  Z  +  \  ap¬ 
proximation  [7],  we  calculated  the  strain- induced 
shift  ‘he  core  level  binding  energy  rela¬ 

tive  to  CVBM.  E^i  (8J.  The  calculated  value  of 
i\E^  ^  is  +0.02  eV  for  compressed  InAs  (type  !) 
and  -0.11  eV  for  tensile  GaAs  (type  II).  E^J^^  is 
then  obtained  by  +  A  £cl  .  Here,  £c'l  "  is 
given  by  (E^^-  with  the  spin-orbit 

splitting  energy  (0.34  eV  for  GaAs  and  0.38  eV  for 
InAs).  Obtained  Ecl^  is  also  tabulated  in  table  1. 
By  combining  E^-^^  with  experimentally  obtained 
the  offsets  of  CVBM,  AE^-y.  are  de¬ 
termined  to  be  0.25  eV  on  GaAs  substrates  and 
0.30  eV  on  InAs  substrates,  which  show  about 
0.05  eV  dependence  on  the  in-plane  lattice  con¬ 
stant. 

Furthermore,  the  uniaxial  part  of  tne  strain 
splits  the  three-fold  degenerate  VBM  into  heavy 
hole  (hh),  light  hole  (Ih).  and  spin-orbit  split  off 
(so)  band  around  the  CVBM.  With  the  shear 
deformation  potential  constant  b,  we  calculated 
the  shifts  of  energy  positions  of  heavy  and  light 
hole  bands  relative  to  CVBM,  £hh  and  E^  (6).  To 
obtain  the  conduction  band  offset  AE^.  the  en¬ 
ergy  position  of  the  conduction  band  minimum 
relative  to  CVBM,  E^^,  was  calculated  by  using 
the  hydrostatic  deformation  potential  constant  a. 
These  values  are  also  tabulated  in  table  I. 


Table  2 

Determined  band  offsets  (in  eV);  ^nd  tlf,,, 

denote  the  offset  in  CVBM,  the  heavy  hole  band  and  the  light 
hole  band,  respectively;  AEv  represents  the  offset  of  VBM 
and  AEc  denotes  the  conduction  band  offset  defined  by 
AE(^  =  £c(InAs)—  £c(GaAs) 


InAs  strained  case 
(type  1) 

GaAs  strained  case 
(type  11) 

4£cv 

0.25 

0.30 

0.53 

0.60 

4£,h 

0.32 

-0.16 

4£v 

0.53 

-0.16 

AEc 

-0.38 

-0.08 

Consequently,  large  AE^^  of  0.53  eV  and  AE^- 
of  0.38  eV  are  obtained  for  type-1  structure,  as 
shown  in  fig.  2a.  In  this  case,  the  top  of  the 
valence  band  in  InAs  is  the  heavy  hole  band.  In 
contrast,  a  characteristic  band  alignment  is  ex¬ 
pected  for  type-Il  structure  (fig.  2b).  where  the 
light  hole  (heavy  hole)  band  in  GaAs  layer  is 
higher  (lower)  than  VBM  in  InAs  by  0.16  eV  (0.60 
eV),  and  AE^-  is  0.08  eV.  These  results  are  sum¬ 
marized  in  table  2.  It  should  be  noted  that  AE^J 
shows  a  very  large  dependence  ( ~  0.7  eV)  on  the 
in-plane  lattice  constant. 

It  would  be  very  interesting  to  verify  such  a  big 
change  of  AEyj  in  the  valence  band  density-of- 
states  (VBDOS)  spectra  measured  by  XPS.  How¬ 
ever,  this  is  very  difficult  due  to  the  fact  that  the 
XPS  signals  from  the  VBDOS  in  type-1  and  type-Il 
samples  are  dominated  by  the  bulk  GaAs  and 
InAs  VBDOS  signals,  respectively,  since  the  inter¬ 
layer  thickness  is  limited  to  be  less  than  2  MLs. 

Kowalczyk  et  al.  obtained  AE^  of  0.17  eV  by 
XPS  measurements  on  an  InAs/GaAs  single  het¬ 
erojunction  [2].  The  discrepancy  between  our  re¬ 
sult  and  the  result  by  Kowalczyk  et  al.  is  consid¬ 
ered  to  arise  from  the  lattice  relaxation  in  their  20 
A  thick  InAs  layer.  Cardona  and  Christensen,  on 
the  other  hand,  predicted  AE^  to  be  0.52  eV  (on 
GaAs  substrates)  from  their  dielectric  midgap  en¬ 
ergy  theory  [4],  which  is  in  excellent  agreement 
with  our  AEy  of  0.53  eV. 

In  summary,  the  valence  band  offsets  at  strained 
InAs/GaAs  heterojunctions  were  determined  for 
InAs/GaAs  heterostructures  grown  on  GaAs  and 
InAs  substrates.  The  core  level  energy  difference 
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between  In  4d  and  Ga  3d  levels  in  InAs/ 
GaAs  heterostructures  were  measured  by  in-situ 
XPS  and  found  to  depend  only  slightly  on  the 
in-plane  lattice  constant.  By  taking  into  account 
theoretically  the  strain-induced  shifts  of  the  en¬ 
ergy  distance  between  the  core  levels  and  VBM, 
the  offsets  of  the  centroid  of  VBM,  are 

determined  to  be  0.25  eV  on  GaAs  substrates  and 
0.30  eV  on  InAs  substrates.  Furthermore,  by  ad¬ 
ding  the  splitting  of  VBM  due  to  the  uniaxial  part 
of  the  strain,  the  valence  band  offsets  AEy  are 
determined  to  be  0.53  eV  on  GaAs  substrates  and 
—  0.16  eV  on  InAs  substrates,  demonstrating  a 
large  effect  of  strain  on  . 

We  are  grateful  to  Dr.  T.  Saito  for  valuable 
discussions.  This  work  is  partly  supported  by  the 
Grant-in-Aid  from  the  Ministry  of  Education,  Sci¬ 
ence,  and  Culture,  Japan  and  also  by  the  In¬ 
dustry-University  Joint  Research  Program  “Me¬ 
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Structural  stability  of  ultrathin  InAs/GaAs  quantum  wells  grown 
by  migration  enhanced  epitaxy 
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In  order  to  study  the  strained-structure  of  liiAs  films  on  GaAs  substrates,  photoluminesccnce  (PL)  properties  have  been  examined 
for  ultrathin  InAs/GaAs  single  quantum  well  (SQW)  structures  grown  by  migration  enhanced  epitaxy.  Observed  PL  spectra  from 
SQWs  are  discussed  in  conjunction  with  in-situ  monitored  growth  conditions  of  the  heterostructure  by  using  reflection  high  energy 
electron  diffraction.  Rapid  thermal  annealing  on  the  grown  samples  has  been  performed  to  understand  the  stability  of  strained 
heterostructure.  By  the  PL  analysis  on  the  annealing  effect,  the  critical  thickness  for  the  stably  strained  heterostructure  is  determined 
to  be  2-3  MLs  and  nearly  1  ML  for  samples  grown  at  520  and  420'’C.  respectively. 


1.  Introduction 

An  ultrathin  InAs  layer  clad  with  GaAs  is  one 
of  the  typical  examples  of  highly  strained  hetero¬ 
structure  because  InAs  has  a  7%  lattice  mismatch 
to  GaAs.  The  initial  growth  stage  of  heteroepi- 
taxial  InAs  on  GaAs  by  molecular  beam  epitaxy 
(MBE)  has  been  studied  by  many  workers  trying 
to  understand  the  pseudomorphic  two-dimen¬ 
sional  (2D)  growth.  For  instance,  Nakao  et  al. 
experimentally  determined  the  critical  thickness  to 
be  1.5  monolayers  (MLs)  for  the  pseudomorphic 
growth  of  InAs  on  GaAs  by  using  reflection  high- 
energy  electron  diffraction  (RHEED)  [1].  Re¬ 
cently.  photoluminescence  (PL)  analysis  has  been 
performed  for  ultrathin  InAs/GaAs  single  quan¬ 
tum  well  (SQW)  structures  prepared  by  various 
growth  techniques  such  as  metalorganic  chemical 
vapor  deposition  (MOCVD)  [2-4]  and  MBE  [5], 
However,  different  PL  energies  were  reported  for 
SQWs  with  the  same  thickness  of  InAs.  For  in¬ 
stance.  the  PL  energy  from  SQWs  with  2  MLs  of 
InAs  in  ref.  [3]  is  about  1.46  eV  which  is  more 
than  100  meV  higher  in  comparison  with  the  re¬ 
sult  in  ref.  [4],  This  considerably  large  discrepancy 
has  not  been  explained  reasonably  yet  [6,7],  There 
are  some  possibilities  that  this  discrepancy  is  due 
to  the  structural  difference  of  InAs  layer  in  an 
atomic  scale  because  the  well  width  of  these  SQWs 


is  close  to  the  critical  thickness  expected  for  the 
pseudomorphic  growth  of  InAs.  In  previous  works, 
however,  the  relationship  between  the  PL  spectra 
and  the  microscopic  structure  has  not  been  under¬ 
stood  sufficiently. 

In  this  paper,  we  report  PL  properties  of  ultra¬ 
thin  InAs/GaAs  SQW  structures  prepared  by 
migration  enhanced  epitaxy  (MEE).  The  growth 
condition  was  monitored  by  RHEED  to  study  the 
interface  structure  in  relation  to  the  PL  properties. 
Observed  PL  spectra  were  compared  with  calcula¬ 
tions  to  understand  the  electron  recombination  in 
the  quantum  well  structure.  In  order  to  study  the 
stability  of  strained-structure,  we  examined  the 
effect  of  annealing  on  the  PL  spectra  for  these 
SQWs. 


2.  Growth  condition 

The  heterostructure,  with  ultrathin  InAs  layer 
capped  by  a  5C  nm  thick  GaAs  layer,  was  grown 
on  a  (100)  surface  of  Si-doped  GaAs  by  using 
ANELVA-620  type  MBE  apparatus.  Two  series  of 
SQWs,  grown  at  T,  =  420°C  and  520  °C.  were 
examined  to  understand  the  effect  of  growth  tem¬ 
perature.  We  have  grown  these  heterostructures  by 
MEE  because  it  is  known  as  a  powerful  technique 
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Ga 
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-  ^JLLLJUL 

Time  — ^ 

Fig.  1.  Timing  of  molecular  beams  during  the  growth  of  SQW 
structures.  Illustrated  is  the  case  of  2  MLs  growth  of  InAs 
between  GaAs. 

to  realize  high  quality  epitaxial  layers  even  at  low 
growth  temperatures  [8].  We  can  also  control  the 
thickness  precisely  by  MEE  in  the  growth  of  ultra- 
thin  SQW  structures.  Fig.  1  shows  the  typical 
timing  of  molecular  beams  used  for  the  2  ML 
growth  of  InAs  between  GaAs.  The  short  period 
of  pulses,  such  as  2.4  s,  was  taken  to  form  just  one 
atomic  plane  of  the  respective  materials.  Under 
these  conditions,  a  precisely  controlled  1  ML  of 


InAs  was  grown  by  introducing  a  pulse  of  In 
between  those  of  Ga. 

Typical  RHEED  patterns  of  the  growing  surface 
are  shown  in  fig.  2.  in  which  the  growth  tempera¬ 
ture  was  controlled  to  be  520  °C.  The  recon¬ 
structed  (2  X  4)  As  pattern  of  fig.  2a  was  observed 
from  the  GaAs  surface  before  the  deposition  of 
InAs.  The  same  pattern  shown  in  fig.  2b  was 
continued  during  the  deposition  period  of  InAs  as 
far  as  the  thickness  was  less  than  2  MLs.  This 
reconstructed  pattern  disappeared  after  3  MLs  of 
InAs  growth  although  the  elemental  diffraction 
continued  to  be  streaky,  as  shown  in  fig.  2c.  After 
depositing  4  MLs  of  InAs,  the  elemental  diffrac¬ 
tion  changed  to  a  spot  pattern,  as  shown  in  fig.  2d. 
These  results  indicate  that  the  critical  thickness  is 
between  two  and  three  monolayers  for  the  present 
2D  growth  of  heteroepitaxial  InAs.  The  interface 
strain  due  to  the  lattice-mismatch  will  be  relaxed 
to  form  a  3D  island  structure  as  the  thickness  of 


Fig.  2.  RHEED  patterns  from  the  growing  surface  of  InAs  on  GaAs;  (a)  is  the  pattern  from  GaAs  before  the  deposition  of  InAs;  (b). 
(c)  and  (d)  are  patterns  from  InAs  surface  with  the  controlled  thickness  of  2  MLs,  3  MLs  and  4  MLs,  respectively. 
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InAs  exceeds  the  critical  value.  When  the  SQWs 
were  grown  at  =  420  °  C,  the  change  from  streak 
to  spot  occurred  at  the  same  thickness,  3  VfLs. 
The  streak  pattern  from  1  or  2  MLs  of  InAs, 
however,  was  not  so  sharp  in  comparison  with  the 
case  of  7;  =  520°C.  This  result  of  T,  =  420°C 
should  imply  that  deterioration  of  the  2D 
strained-structure  has  been  introduced  into  these 
films  below  the  apparent  critical  thickness. 


3.  Analysis  of  PL  spectra 

We  measured  PL  signals  from  these  SQWs  at 
12  K  under  the  excitation  of  the  632.8  nm  line  of  a 
He-Ne  laser.  Fig.  3  and  fig.  4  show  typical  PL 
spectra  from  SQWs  with  1-4  MLs  of  InAs,  of 
which  growth  temperatures  were  controlled  to  be 
520  and  420  °  C,  respectively.  At  =  520  °  C, 
single  sharp  emissions  were  observed  from  the 
respective  SQW  structures  with  thin  (1-2  MLs) 
InAs  quantum  wells.  With  increasing  the  quantum 
well  width  (3-4  MLs),  the  spectrum  became 
broader,  as  shown  in  fig.  3.  For  samples  grown  at 
rj  =  420‘’C,  however,  spectra  from  SQWs  with 
1-2  MLs  of  InAs  became  much  broader  than  the 
case  of  T,  =  520  °  C,  as  shown  in  fig.  4.  Broad¬ 
ening  of  the  PL  spectrum  is  a  reflection  of  the 
interface  roughness  in  the  SQW.  Hence,  SQWs 
with  broad  PL  emissions  should  have  a  3D  hetero¬ 
interface  caused  by  the  imperfect  2D  growth  of 
InAs.  As  shown  in  fig.  3,  the  high  quality  of  the 


Fig.  3.  PL  spectra  from  SQWs  with  different  thickness  of  InAs. 
These  SQW  structures  were  grown  at  T,  -  520  “C. 
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Fig.  4.  PL  spectra  from  SQWs  with  different  thickness  of  InAs. 
These  SQW  structures  were  grown  at  T,  =  420  °  C. 


heterointerface  is  deteriorated  abruptly  at  3  MLs 
when  the  SQW  structure  is  grown  at  =  520  °  C. 
On  the  other  hand,  fig.  4  indicates  that  rather 
gradual  deterioration  has  been  introduced  at  1 
ML  of  InAs  when  we  use  a  growth  temperature  of 
T,  =  420  °  C.  This  thickness  dependence  of  PL 
spectra  is  consistent  with  the  above-mentioned 
RHEED  observation. 

In  fig.  5,  we  summarize  the  peak  energy  of  PL 
spectra  as  a  function  of  the  well  width.  Solid 
circles  denote  the  peak  energy  observed  from  sam¬ 
ples  grown  at  =  520  °  C.  Solid  squares  indicate 
the  case  of  =  420  °  C.  The  dashed  lines  are 
drawn  to  guide  the  eye.  The  solid  line  is  the 
theoretical  result  estimated  for  the  electron  transi¬ 
tion  energy  in  quantum  wells  by  using  the  effec¬ 
tive  mass  approximation.  In  the  calculation,  we 
assumed  the  band  line-up  to  be  a  completely 
strain-relaxed  structure,  as  shown  in  the  inset  of 
fig.  5  [9].  The  conduction  band  discontinuity  is 
determined  from  the  difference  of  electron  affini¬ 
ties  between  the  two  semiconductors,  GaAs  and 
InAs.  r or  the  case  of  =  520  °  C,  we  can  see  a 
considerable  decrease  of  PL  peak  energy  at  3-4 
MLs.  On  the  other  hand,  continuous  decrease  is 
observed  for  samples  grown  at  7^  =  420  °  C.  Be¬ 
tween  1  and  3  MLs,  the  PL  energy  for  samples 
grown  at  7^  =  520  °C  clearly  lies  above  the  case  of 
7^  =  420  °  C.  This  result  seems  to  be  caused  by  the 
structural  difference  of  InAs  epitaxial  layers.  At 
7^  =  420'’C,  considerable  part  of  the  interface 
strain  might  be  relaxed,  independent  of  the  well 
width  because  the  peak  energy  is  close  to  the 
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Fig.  5.  PL  energy  from  SQWs  as  a  function  of  the  thickness  of 
InAs.  Symbols  show  experimental  results.  Solid  and  open 
symbols  show  the  results  for  our  samples  before  and  after  the 
annealing  (800  °C.  3  s),  respectively.  The  dashed  lines  are 
drawn  to  guide  the  eye.  The  solid  line  is  the  calculated  energy 
of  intersubband  transition  in  the  strain-relaxed  SQW  structure. 
Band  line-up  assumed  for  the  calculation  is  shown  in  the  inset. 


theoretical  curve  calculated  for  the  strain-relaxed 
case.  On  the  other  hand.  SQW  structures  grove tj  at 

=  520  °  C  could  be  strained  by  the  lattice-mis¬ 
match  as  far  as  the  thickness  of  InAs  is  less  than  3 
MLs. 

In  fig.  S.  we  have  also  shown  the  experimental 
results  reported  by  ref.  [3]  and  ref.  [4]  for  compari¬ 
son.  Both  samples  in  ref.  (3)  and  in  ref.  (4)  were 
grown  by  MOCVD.  The  giowth  temperature  used 
in  ref.  (3}  is  730  “C.  which  is  230  °C  higher  than 
that  of  used  in  ref.  (4).  Our  experimental  PL 
energies  of  7,  =  520  °C  and  7,  =  420  °C  are  close 
to  those  in  ref.  (3J  and  in  ref.  [4].  respectively. 
Indeed  there  should  be  some  difference  in  growth 
mechanism  between  MEE  and  MOCVD;  it  is 
indicated  that  the  PL  energy  increases  with  the 
growth  temperature,  i.e..  when  the  heterostructure 


is  grown  at  low  temperatures,  relief  of  the  inter¬ 
face  strain  could  start  at  one  monolayer  of  InAs. 
The  temperature-dependent  relaxation  mode  has 
also  been  known  for  MBE  grown  InojsGao^jAs 
heteroepitaxial  layers  on  GaAs  substrates  [10].  In 
ref.  [lOj.  it  is  reported  that  the  change  of  lattice 
constant  at  the  critical  thickness  becomes  gradual 
with  decreasing  growth  temperature.  Such  a  grad¬ 
ual  relaxation  at  low  growth  temperature  has  been 
explained  by  the  insufficient  kinetic  energy  of 
impinging  atoms  to  reach  the  free-energy  mini¬ 
mum  on  the  surface  and  to  form  reasonably 
strained  heterostructure.  Hence.  SQW  structures 
grown  at  low  temperatures  are  expected  to  be 
metastable  for  thermal  processing. 

In  order  to  examine  the  stability  of  heterostruc¬ 
ture.  we  have  annealed  our  SQWs  at  800  °C  for  3 
s  by  using  rapid  thermal  annealer.  The  PL  peak 
energy  after  anneal  is  shown  in  fig.  5  by  open 
symbols.  For  samples  grown  at  7,  =  520  °  C.  the 
PL  spectra  did  not  show  any  appreciable  change 
by  the  annealing  when  the  thickness  of  InAs  was 
less  than  3  MLs.  The  annealed  sample  with  3  MLs 
of  InAs  showed  double  peaks  in  PL  spectra;  one 
with  the  original  peak  energy  and  the  other  with  a 
slightly  increased  energy.  For  samples  grown  at 
y  —  420  °  C.  on  the  other  hand,  the  PL  energy  was 
shifted  by  the  annealing  even  if  the  thickness  of 
InAs  was  less  than  3  MLs.  When  the  thickness 
exceeded  3  MLs.  the  peak  energy  after  anneal 
shifted  to  the  higher  energy  side  which  was  close 
to  that  of  the  annealed  samples  grown  at  7^  = 
520 °C.  Narrowing  of  the  PL  line-shape  was  also 
introduced  by  the  anealing.  Such  spectral  changes 
are  presumably  due  to  the  reordering  of  InAs 
layer  during  the  annealing,  from  metastable  to 
stable  strained-structure.  Another  explanation  may 
also  be  possible  for  the  spectral  change,  by  assum¬ 
ing  the  intermixing  of  In  and  Ga  atoms  at  the 
InAs/GaAs  interface,  since  InGaAs  has  a  greater 
band-gap  energy  than  InAs.  In  this  explanation, 
abnormally  fast  diffusion  of  In  atoms  may  be 
required  in  the  strain-relaxed  region  [llj.  In  either 
explanation,  it  is  concluded  that  the  strained- 
structure  is  stable  as  far  as  the  thickness  of  InAs  is 
less  than  the  limit  of  pseudomorphic  growth.  The 
critical  thicknesses  determined  from  the  PL  peak 
energy  shift  by  the  heat  treatment  are  2-3  and 
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nearly  1  ML  for  samples  grown  at  520  and  420 °C.  and  by  Grant-in-Aid  for  Scientific  Research  from 
respectively.  The  Ministry  of  Education.  Science  and  Culture. 


4.  Summary 

Optical  properties  of  SQW  structure  composed 
of  ultrathin  InAs  and  GaAs  barriers  have  been 
studied.  From  the  in-situ  analysis  of  RHEED  sig¬ 
nals.  we  have  determined  the  critical  thickness  to 
be  2-3  MLs  for  pseudomorphic  growth  of  InAs. 
Below  the  critical  thickness,  however,  the  PL 
properties  of  the  strained-structure  is  dependent 
on  the  growth  temperature.  By  PL  analysis  on  the 
annealing  effect,  the  critical  thickness  for  the  .sta¬ 
bly-strained  heterostructure  is  determined  to  be 
2  3  MLs  and  nearly  1  ML  for  samples  grown  at 
520  and  420  °C.  respectively. 
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strained-layer  superlattices  on  variously  oriented  substrates 
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InAs/GaAs  strained-layer  superlattices  (SLSs).  grown  by  molecular-beam  epitaxy  on  variously  oriented  GaAs  substrates,  have 
been  investigated.  X-ray  diffraction  and  photoluminescence  (PL)  studies  reveal  the  formation  of  coherent  SLS  and  microstructures 
due  to  the  three-dimensional  nucleation  is  strongly  dependent  on  the  substrate  orientation  and  the  growth  parameters.  The 
relationship  between  PL  spectra  and  growth  modes  and  potential  applications  of  self-aligned  microstructures,  including  quantum 
pyramids,  are  described. 


I.  Introduction 

Epitaxial  growth  of  strained-layer  superlaltitcs 
(SLSs)  on  variously  oriented  substrates  is  of  inter¬ 
est  for  the  fundamental  understanding  of  growth 
phenomena  and  also  in  relation  to  the  develop¬ 
ment  of  optoelectronic  devices.  The  fabrication  of 
microstructures,  such  as  quantum  wires  [1.2]  and 
quantum  boxes  [3.4],  is  expected  to  lead  to  the 
realization  of  a  variety  of  devices  using  lateral 
quantum  confinement.  Two  approaches  reported 
in  this  field  are  the  methods  using  lithography 
[5.6]  and  epitaxial  growth  on  vicinal  substrates 
[7.8].  In  particular,  the  fabrication  of  self-aligned 
microstructures  using  critical  thickness  due  to  mis¬ 
match  (9)  and  the  migration  of  atoms  on  misori- 
ented  substrates  [7.8]  is  a  promising  technique  for 
future  devices.  Among  highly  strained  sy.stem.s. 
InAs/GaAs  is  particularly  interesting,  .since  two 
or  three-dimensional  nucleation  due  to  7%  lattice 
mismatch  takes  place  over  a  critical  thickne.ss  of 
2-3  monolayers  [9- 11). 

In  this  report,  we  describe  the  growth  and 
characterization  of  InAs/GaAs  SLSs  on  variously 
oriented  GaAs  substrates.  Photoluminescence  (PL) 
and  X-ray  measurements  were  made  to  investigate 


the  formation  of  the  microstructures  and  the  de¬ 
pendence  on  the  substrate  orientation  and  the 
growth  conditions. 


2.  Experimental  procedures 

All  the  .samples  used  in  this  study  were  grown 
by  a  usual  molecular  beam  epitaxy  (MBE)  system. 
Cr-doped  (lOO)A.  (711)A.  (311)A,  and  (lll)A  ori¬ 
ented  GaAs  wafers  were  u.sed  as  substrates.  After 
the  chemical  etching  of  the  substrates,  a  set  of 
four  differently  oriented  substrates  were  mounted 
on  a  molybdenum  block  and  SLS  were  grown  at 
the  same  time.  The  growth  process  is  as  follows. 
First,  a  0.5  /xm  GaAs  buffer  layer  was  grown. 
Next,  InAs  and  GaAs  layer  were  alternately  grown 
for  4  and  40  s,  respectively.  Before  and  after  the 
growth  of  the  InAs  layer,  the  growth  was  inter¬ 
rupted  for  8  s  to  enhance  the  migration  of  atoms. 
In  order  to  examine  the  influence  of  the  SLS’s 
growth  periods  on  the  surface  features  and  the 
optical  properties,  one,  five,  and  twenty  period 
InAs/GaAs  SLSs  were  fabricated.  The  growth 
temperature.  T,  was  varied  between  400  and 
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550  °C.  The  flux  ratios  of  As4/Ga  and  As4/In 
were  3  and  20,  respectively,  and  the  growth  rate  of 
the  GaAs  layer  was  about  1  fim/h.  From  the 
experimental  evaluation,  the  thicknesses  of  the 
InAs  well  and  the  GaAs  barrier  la^er  were  3-15  A 
(1-5  monolayers)  and  200-300  A  (70-80  mono- 
layers),  respectively,  and  these  values  strongly  de¬ 
pend  on  T^. 

Double-crystal  X-ray  diffraction  patterns  were 
obtained  using  Cu  Ka,  radiation.  PL  measure¬ 
ments  were  carried  out  at  77  K,  using  the  514.5 
nm  line  of  an  Ar  *  ion  laser  for  excitation.  In  this 
report  we  are  interested  in  the  emission  from 
ultra-thin  InAs  quantum-wells  and  microstruc¬ 
tures,  including  defects;  hence  the  PL  spectra  in 
the  wavelength  range  between  800  and  1500  nm 


were  measured  using  a  liquid-nitrogen-cooled  Ge 
detector. 


3.  Results  and  discussion 

3. 1.  Surface  morphology:  of  epitaxial  layer 

Surface  morphologies  of  InAs/GaAs  SLSs  were 
varied  depending  on  both  the  growth  temperature 
and  the  substrate  orientation.  Fig.  1  shows  typical 
scanning  electron  microscopy  (SEM)  images  of  the 
normal  view  of  the  sample  surface.  The  SEM 
images  in  figs,  la- Id  correspond  to  the  twenty 
period  SLSs,  grown  at  475°C  on  (lOO)A,  (711)A. 
(311)A,  and  (lll)A  GaAs  substrates.  A  smooth 


Fig.  I  Surface  SEM  images  for  the  samples  grown  on  (a)  (lOO)A,  (b)  (71 1  )A,  (c)  ( .711  )A  and  (d)  ( 1 1 1  )A  GaAs  substrates  at  475  °  C. 
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and  featureless  surface  was  achieved  on  (100)  and 
(711)  substrates  and  in  the  range  of  400  to 
550  °C.  However,  submicron  size  pyramid  struc¬ 
tures,  as  shown  in  figs.  Ic  and  Id,  were  observed 
on  the  surface  of  the  SLS  grown  on  (311)  and 
(111)  substrates.  The  size  and  the  shape  of  these 
microstructures  are  closely  related  to  the  growth 
conditions  and  the  substrate  orientation. 

S.2.  X-ray  diffraction  patterns 
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X-ray  diffraction  patterns  of  the  twenty  period 
SLS  grown  on  a  (100)  substrate  are  shown  in  fig. 
2.  In  this  case.  X-ray  diffractions  made  around  a 
(422)  reflection  are  shown  as  a  function  of  7^.  The 
sample  grown  at  500  °  C  exhibits  the  most  well-de¬ 
fined  and  sharp  X-ray  satellite  pattern,  which  in¬ 
dicates  that  coherent  SLS  structure  is  realized  in 
the  epitaxial  layer.  The  zero-order  satellite  peak 
shifts  towards  the  GaAs  substrate  peak  at  higher 
growth  temperatures.  However,  the  satellite  peaks 
vanish  in  the  sample  grown  at  550  °C.  This  phe¬ 
nomenon  can  be  easily  explained  by  the  fact  that 
the  desorption  of  In  atoms  and  the  revaporization 
of  the  InAs  layer  are  enhanced  at  higher  T^.  On 


Fig.  2.  X-ra>  diffraction  pattern.s  of  the  twenty  period  SLS 
grown  on  (100)  OaAs  substrate. 
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Fig.  3.  Photoluminescence  spectra  of  the  twenty  period  SLSs 
grown  on  (100).  (711),  (311),  and  (111)  Ga.As  substrates  at 
500  °C. 


the  other  hand,  the  satellite  peaks  of  the  samples 
grown  at  lower  than  475  °C  suddenly  change  to 
a  broad  and  smeared  shape.  These  results  indicate 
that  three-dimensional  nucleation  takes  place  and 
the  effect  of  disorder  is  thought  to  be  strong.  The 
variation  of  the  InAs  layer  thickness  and  the 
three-dimensional  nucleation  with  7^  are  in  good 
agreement  with  the  results  of  PL  measurements. 
Similar  results  are  obtained  for  the  samples  grown 
on  (711)  and  (311)  substrates.  However,  none  of 
the  samples  grown  on  (111)  substrates  showed 
clear  satellite  patterns.  This  might  be  attributed  to 
the  surface  roughness  of  the  epitaxial  layer,  as 
shown  in  fig.  Id. 

J.J.  Photoluminescence  spectra 

Figs.  3  and  4  show  the  PL  spectra  at  77  K  for 
the  samples  grown  at  500  and  475  °C,  respectively. 
As  shown  in  fig.  3.  a  sharp  peak  at  around  1 .47  eV 
is  dominant  for  the  samples  grown  on  (100)  and 
(711)  substrates.  However,  this  peak  is  weak  for 
the  sample  on  the  (311)  substrate  and  completely 
disappears  for  that  on  the  (111)  substrate.  On  the 
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contrary,  the  broad  peak  in  the  lower  energy  re¬ 
gion  between  1.29  and  1.37  eV  becomes  larger  for 
the  samples  grown  on  the  substrate  tilted  towards 
the  (111)  orientation.  In  fig.  4.  it  may  be  noticed 
that  more  than  two  broad  peaks  are  observed  for 
all  the  samples  grown  at  475  °C.  These  critically 
depend  both  on  and  on  the  substrate  orienta¬ 
tion  for  in  the  range  of  475-500 °C.  The  sam¬ 
ples  grown  at  higher  and  lower  7^  show  no  clear 
dependence  on  the  substrate  orientation.  The  peak 
at  the  high  energy  side  shifts  towards  higher  en¬ 
ergies  with  increasing  T^.  The  emission  energy  of 
1.50-1.44  eV  corresponds  to  the  SLSs  with  an 
InAs  well  between  zero  and  two  monolayers  [10,1 1] 
and  the  energy  shift  is  in  good  agreement  with  the 
thinning  of  InAs  layers  at  high  T,.  The  experimen¬ 
tal  results  demonstrate  that  the  InAs  layer  is  fully 
strained  for  up  to  2  monolayers  and  that  three-di¬ 
mensional  nucleation  takes  place  beyond  2  mono- 
layers  as  reported  by  other  authors  [9-11],  More¬ 
over.  the  nucleation  occurs  at  the  initial  stage  of 
the  growth  with  the  substrate  tilted  towards  (111) 
orientation. 

In  order  to  determine  whether  the  number  of 
the  SLS’s  period  has  any  effect  on  the  PL  spectra. 
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Fig.  4.  Photoluminescence  spectra  of  the  twenty  period  SLSs 
grown  on  ,100).  (711).  (311),  and  (111)  GaAs  substrates  at 
475°  C. 
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Fig.  5.  Photoluminescence  spectra  of  the  SLSs  with  1.  5.  and  20 
periods.  The  samples  grown  on  (711)  substrate  at  475  °C. 


we  have  measured  the  samples  with  1.  5.  20  period 
SLSs.  Fig.  5  shows  typical  PL  spectra  for  samples 
grown  on  a  (711)  substrate  at  T,  of  475  °C.  As  is 
clear  from  the  figure,  though  a  strong  and  fharp 
peak  at  higher  energies  is  dominant  for  the  single 
quantum  well  (one  period)  structure,  the  intensity 
of  the  broad  peak  at  lower  energies  increases  as 
the  period  increases  and  an  additional  new  peak  at 
1.126  eV  appears  for  the  sample  with  20  period. 
The  origin  of  the  broad  peaks  at  the  low  energies 
is  directly  related  to  the  generation  of  three-di¬ 
mensional  nucleation.  However,  the  microstruc¬ 
tures  due  to  the  three-dimensional  nucleation 
might  be  too  small  to  be  observed  in  the  SEM 
image,  as  shown  in  fig.  lb.  Whether  the  emission 
comes  from  microstructure  or  misfit  dislocations 
cannot  be  determined  fully;  however,  distinguish¬ 
ing  characteristics  were  observed  in  polarization 
resolved  PL  spectra.  A  strong  anisotropy  in  rela¬ 
tion  to  the  direction  of  the  micro-pyramids  was 
observed  in  the  emission  at  around  1.3  eV  for  the 
samples  grown  on  (311)  .substrates.  From  this  re¬ 
sult,  we  conclude  that  the  emission  at  around  1.3 
eV  is  closely  related  to  the  formation  of  a  self- 
aligned  micro-pyramidic  structure.  However,  the 
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emissions  have  a  large  full  width  at  half  maximum 
(FWHM)  or  half  width  at  half  maximum 
(HWHM)  in  figs.  3-5,  which  indicates  that  the 
size  of  the  microstructures  have  not  been  fully 
controlled  under  the  conditions  reported  here. 

4.  Conclusion 
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We  have  investigated  the  formation  and  the 
properties  of  microstructures  in  InAs/GaAs 
St  rained- layer  superlattices  grown  on  variously 
oriented  GaAs  substrates.  The  ob.served  PL  .spec¬ 
tra  and  X-ray  diffraction  patterns  show  a  clear 
dependence  on  the  substrate  orientation  and  the 
growth  conditions.  The  experimental  results  ob¬ 
tained  here  demonstrate  the  formation  of  self- 
aligned  microstructures  without  lithographic 
processes.  However,  the  present  difficulty  in 
achieving  controlled  microstructures  is  thought  to 
be  related  to  the  occurrence  of  the  three-dimen¬ 
sional  nucleation  and  the  migration  and/or  de¬ 
sorption  of  atoms  during  growth  and  interruption. 
We  believe  that  detailed  investigation  of  the 
growth  modes  and  the  substrate  orientation  would 
overcome  the  difficulty. 
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We  have  investigated  the  In  desorption  during  growth  of  pseudomorphic  InGaAs/GaAs  SOW'S  at  various  substrate  temperatures 
(500-700°C)  and  In  contents  (5-45?)  by  photoluminescence  and  transmission  electron  microscopy.  W'e  present  data  about 
temperature  dependent  growth  rates  at  different  In  contents.  The  evaluation  of  these  data  shows  a  strain  dependent  activation  energy 
for  In  desorption,  which  at  the  low  strain  limit  approaches  that  of  unstrained  relaxed  InGaAs  layers.  Our  results  are  in  agreement 
with  published  data  of  growth  investigations  of  InAs  on  GaAs.  TEM  images  of  highly  strained  InGaAs  layers  show  a  temperature 
range,  where  three-dimensional  growth  dominates,  even  for  thicknesses  far  below  the  critical  thickness. 


1.  Introduction 

In  application.s  of  MBE  growth,  where  high 
optical  material  quality  is  required,  especially  in 
heierostructures  with  Al-containing  layers,  elevat¬ 
ed  growth  temperatures  are  used,  at  which  a  sig¬ 
nificant  reevaporation  may  occur.  Of  the  group  III 
atoms  used.  In  is  most  critical  with  respect  to 
desorption  because  it  has  the  lowest  binding  en¬ 
ergy  to  As  (1).  For  a  more  accurate  growth  control 
in  the  high  temperature  region  a  better  under¬ 
standing  of  the  In  desorption  and  growth  be¬ 
haviour  is  necessary. 

We  present  a  systematic  investigation  about 
strain  dependent  In  desorption  behaviour  during 
MBE  growth  parameters  generally  used  for  device 
applications  (growth  rate  =  1  fim/h.  V/llI  beam 
flux  ratio  >  10).  At  the  low  strain  limit,  we  find 
overall  activation  energies  for  In  desorption  dur¬ 
ing  InGaAs  growth  which  are  comparable  with 
values  from  unstrained  InGaAs.  Published  data 

*  Present  address:  IBM  Research  Laboratories.  Silumerstrasse 
4,  CH-8803  Riischlikon.  Switzerland. 


about  In  desorption  during  submonolayer  growth 
of  InAs  on  GaAs  [2]  are  in  agreement  with  our 
values  of  relaxed  (unstrained)  samples,  and  corre¬ 
sponding  data  during  growth  of  a  few  monolayers 
of  InAs  [3,4]  agree  very  well  with  values  which  we 
obtain  from  highly  strained  samples. 

With  transmission  electron  microscopy  (TEM) 
we  have  investigated  the  morphology  of  the  inter¬ 
face  region.  In  samples  with  high  In  content  we 
could  observe  a  temperature  range,  where  three- 
dimensional  growth  dominates  even  for  well  thick¬ 
nesses  below  the  critical  layer  thickness  of  Mat¬ 
thews  and  Blakeslee  |5],  while  for  lower  In  content 
no  growth  defects  or  significant  interface  rough¬ 
ness  are  detectable  over  the  whole  investigated 
temperature  range. 


2.  Experiment 

We  have  grown  pseudomorphic  InGaAs/GaAs 
single  quantum  well  structures  on  semi-insulating 
(100)  GaAs  substrates  in  a  VG  V80H  molecular 
beam  epitaxy  system  with  elemental  sources.  Each 
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sample  consists  of  about  10  wells  with  1  or  3 
reference  wells  grown  at  low  temperature  (  = 
500  °C)  and  the  other  wells  grown  at  different 
higher  temperatures  (increased  by  a  certain  value 
from  well  to  well).  The  growth  temperature  of  the 
60  nm  thick  barriers  was  always  constant  at 
600  °  C.  The  temperature  change  was  made  at  the 
beginning  and  at  the  end  of  each  barrier  with  fast 
ramps.  The  surface  temperature  of  the  In-free 
mounted  substrate  was  measured  by  a  short  wave¬ 
length  pyrometer  during  growth  and  calibrated 
before  each  run  at  the  desorption  point  of  the 
native  Ga  oxide  (582  °C  [6]).  The  growth  rate  was 
around  1  fim/h  and  the  beam  flux  ratio  >  10, 
which  are  generally  used  growth  parameters  for 
device  applications.  No  growth  interruptions  were 
applied. 

Photoluminescence  (PL)  measurements  were 
performed  at  low  temperature  ( <  2  K)  and  with 
an  excitation  power  of  a  few  W/cm*.  The  TEM 
images  were  made  on  cleaved  wedge  samples  [7]. 


3.  Results  and  discussion 

Fig.  1  shows  a  PL  spectrum  of  a  sample  with  an 
In  concentration  of  5%  at  low  growth  tempera¬ 
tures.  The  sample  consists  of  three  reference  wells 
grown  at  510  °C  and  7  wells  grown  at  increasing 
temperatures.  Tbe  well  thickness  is  20  nm.  Each 
PL  peak  corresponds  to  a  well  grown  at  one 
temperature.  We  reach  line  widths  which  are  sig¬ 
nificantly  lower  than  1  meV  and  which  show  the 
high  optical  quality  of  the  sample.  Also  for  sam¬ 
ples  with  higher  In  content,  the  peaks  are  well 
resolved,  which  can  be  seen  in  fig.  2.  This  PL 
spectrum  was  measured  from  a  sample  with  an  In 
concentration  of  24%  and  a  wc''  v  dth  of  5  nm  for 
the  reference  well. 

From  the  PL  transition  energies  we  can  deduce 
the  In  concentration  according  to  calculations  pre¬ 
viously  published  [8].  For  samples  with  higher  In 
concentrations  and  small  well  widths  (  <  10  nm),  a 
self-consistent  procedure  was  applied  for  the 


Energy  (eV) 

Fig.  1.  PL  spectrum  of  an  InGaAs/GaAs  sample  with  a  sequence  of  SQWs  grown  at  different  temperatures  (values  above  each  peak 
position).  The  starting  In  concentration  was  about  5%  and  corresponds  to  the  PL  peak  grown  at  510°  C.  PL  was  performed  at  2  K 

with  an  excitation  power  of  1.5  W/cm^. 
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Fig.  2.  PL  spectrum  of  an  InGaAs/GaAs  desorption  sample  with  a  starting  In  concentration  of  24%  and  a  well  width  of  5  nm. 


evaluation,  which  takes  into  account  the  decreas¬ 
ing  well  width  because  of  In  loss.  For  tempera¬ 
tures  below  640  °C  the  assumption  of  no  Ga  loss 


was  made,  while  for  higher  temperatures  the  GaAs 
growth  rate  was  corrected  according  to  results  of 
Van  Hove  and  Cohen  [9]  neglecting  strain  effects. 


Fig.  .1.  Dependence  of  the  InGaAs  growth  rate  on  the  growth  temperature  for  different  starting  In  concentrations  (percentage  values). 
The  growth  rate  is  normalized  to  the  GaAs  growth  rate  for  low  temperatures  (no  Ga  loss).  For  compari.son,  the  GaAs  growth  rate 
(solid  line)  is  added  which  was  measured  from  Van  Fiove  and  Cohen  [9). 
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The  deduced  growth  rate,  normalized  to  the  GaAs 
growth  rate  at  low  temperatures,  is  plotted  versus 
the  substrate  temperature  in  fig.  3  for  four  sam¬ 
ples  with  different  starting  In  concentrations  (con¬ 
trolled  by  the  incident  In/Ga  flux  ratio).  For 
comparison,  the  experimental  curve  from  Van 
Hove  and  Cohen  for  GaAs  growth  is  added.  For 
high  In  concentrations  and  growth  temperatures 
above  640  °C.  the  InGaAs  growth  rate  shows,  as 
expected,  a  strong  dependence  on  the  temperature, 
which  makes  it  difficult  to  control  the  growth. 

From  the  calculated  In  concentration  of  each 
well  we  can  deduce  the  desorption  part  from  the 
following  rate  equation: 

^incident  ^desorpnon  ^grnwih' 

where  is  the  InAs  growth  rate.  the 

rate  equivalent  to  the  offered  In  beam  flux  and 
'doMirpnon  ^he  desorption  rate  which  can  be  ex¬ 
pressed  as 

with  the  GaAs  growth  rate  r„  as  reference,  as 
the  starting  In  concentration  according  to  the 


Table  1 

Activation  energies  E.^  for  fn  desorption  during  MBE  growth 
of  InGaAs  on  (100)  GaAs  deduced  from  PL  measurements; 
the  first  line  corresponds  to  the  desorption  experiment  with 
relaxed  unstrained  InGaAs  samples  with  an  In  s'arting  con¬ 
centration  of  12%;  the  lattice  mismatch  e  was  calculated 
according  to  Vegard's  law  (linear  dependence  on  the  In  con¬ 
tent);  the  activation  energies  were  evaluated  using  the  Arrhenius 
plot  of  fig.  4 


In  content 
(%) 

£  = 

1%) 

(eV) 

0.6-12 

(Relaxed) 

2.60  ±0.3 

2.8-  4.9 

0.20-0.35 

2.74  ±0.3 

4.4-  9.1 

0.32-0.65 

2.65  ±0.3 

13.5-21.7 

0.97-1.55 

1.87  ±0.3 

33.1-43.4 

2.37-3.11 

1.44  ±0.5 

In/Ga  flux  ratio  and  x  as  the  measured  In  con¬ 
tent  of  each  well. 

These  values  are  shown  in  an  Arrhenius  plot  in 
fig.  4.  where  we  can  calculate  the  activation  energy 
by  a  linear  fit.  For  the  evaluation  a  comparable 
temperature  range  was  used  for  all  samples. 

The  activation  energies  are  listed  in  table  1 .  The 
strain  was  calculated  according  to  Vegard’s  law 
from  the  In  concentration.  The  error  for  the 
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Fig.  4.  Arrhenius  plot  of  the  reevaporaied  In  flux  which  was  evaluated  from  PL  measurements.  For  all  linear  fits,  comparable 
temperature  rangc.s  were  u.sed.  which  correspond  to  the  labeled  ranges  for  the  In  concentration  for  each  sample. 
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activation  energy  results  from  the  inaccuracy  of 
the  growth  rate  determination.  An  increase  of  the 
accuracy  because  of  averaging  over  several  mea¬ 
surement  points  was  not  taken  into  account.  In 
table  1.  a  fifth  value  for  zero  stress  is  added  (first 
line).  This  value  was  deduced  from,  a  sample 
sequence  with  unstrained,  i.e.  relaxed,  thick  In- 
GaAs  layers  {\2%  In  content  at  a  growth  tempera¬ 
ture  of  500  °C,  layer  thickness  >  2  fim).  Each  of 
these  samples  was  grown  at  a  different  tempera¬ 
ture  (500,  580  and  620  °C).  The  In  concentration 
was  determined  by  PL  and  verified  by  X-ray  fluo¬ 
rescence  analysis.  This  value  agrees  very  well  with 
the  results  of  the  low  strain  samples  and  is  in 
excellent  agreement  with  the  activation  energy  of 
2.6  eV  determined  by  Evans  et  al.  [2]  for  sub¬ 
monolayer  growth  of  InAs  on  GaAs  in  the  com¬ 
parable  temperature  range  (  <  650  °  C  =  2x2 
surface  reconstruction).  In  that  case  no  strain 
should  significantly  affect  the  growth  mechanism; 
therefore  it  is  equivalent  to  the  low  strain  limit. 
Foxon  and  Joyce  [3]  and  Kanter  et  al.  [4]  have 
investigated  the  growth  of  few  monolayers  of  InAs 
on  GaAs  with  a  modulated  beam  technique  and 
reflection  high  energy  electron  diffraction,  respec¬ 
tively,  combined  with  quadrupole  mass  spectrome¬ 
try.  These  investigations  corresponds  to  the  high 
strain  growth  regime.  The  authors  have  published 
activation  energies  between  1.3  and  1.5  eV.  which 
agree  also  very  well  with  the  value  we  find  for  the 
most  highly  strained  sample. 

In  fig.  5.  TEM  images  of  two  samples  with  an 
In  content  of  5%  (fig.  5a)  and  45%  (fig.  5b)  are 
shown.  The  low  strain  sample  has  sharp  interfaces 
and  no  well  fluctuations  are  observable  over  the 
whole  temperature  range,  while  the  high  strain 
.sample  (fig.  5b)  shows  significant  interface  rough¬ 
ness  which  must  be  due  to  three-dimensional 
growth.  With  a  well  thickness  of  the  reference  well 
of  3.5  nm.  this  sample  is  still  30%  below  the 
critical  thickness  according  to  the  theory  of  Mat¬ 
thews  and  Blakeslee.  During  growth  of  the  GaAs 
barriers  the  roughness  is  smoothened  until  the 
InGaAs  growth  starts  again.  Therefore  only  the 
second  interface  in  growth  direction  is  disturbed. 
This  feature  already  occurs  at  a  temperature  range 
below  560  °C  (3rd  to  5th  well  from  the  bottom  in 
fig.  5b).  at  which  the  In  desorption  is  low  and  the 


Fig.  5.  TEM  images  (dark  field.  (2(X))  reflex)  of  two 
InGa-As/GaAs  samples  with  5%  (a)  and  45T  (b)  In  content, 
respectively.  The  first  three  wells  (at  the  bottom)  of  the  5% 
sample  were  grown  at  510  °C.  The  temperature  for  the  follow¬ 
ing  wells,  starting  at  560  °C.  was  increased  by  10  K  from  well 
to  well.  For  the  45%  sample,  the  growth  temperature  was 
increased  from  500  to  650  °C  in  15  K  steps.  The  white  lines  in 
t'le  middle  of  each  well  are  due  to  a  contrast  inversion  [10], 
Markers  represent  1(X)  nm. 

Strain  nearly  constant.  Only  above  640  °C.  where 
significant  In  loss  occurs  and  therefore  the  strain 
and  the  well  width  are  strongly  decreased,  the 
interface  fluctuations  disappear.  This  behaviour  is 
more  pronounced  in  samples  with  thicker  well 
widths,  but  it  is  still  possible  to  get  sharper  inter¬ 
faces  at  lower  temperatures  ( <  500  °  C).  at  least 
for  well  thicknesses  below  the  critical  thickness. 


4.  Conclusions 

By  PL  and  TEM,  we  have  investigated  pseudo- 
morphic  InGaAs/GaAs  .samples  with  a  sequence 
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of  SQWs  grown  at  different  substrate  tempera¬ 
tures.  The  In  concentration  was  varied  from  5%  to 
45%,  the  growth  temperature  from  500  to  700  °  C. 
From  the  deduced  In  loss  during  growth  we  have 
evaluated  strain  dependent  activation  energies  for 
In  desorption.  We  find  that  for  the  activation 
energy  the  low  strain  limit  agrees  very  well  with 
our  value  deduced  from  an  investigation  with  re¬ 
laxed,  i.e.  unstrained,  samples  and  also  with  pub¬ 
lished  data  for  submonolayer  growth  of  InAs  on 
GaAs  [2].  Pubhshed  data  from  investigations  about 
In  desorption  from  a  few  monolayers  of  InAs  on 
GaAs  [3,4]  are  in  good  agreement  with  our  results 
from  highly  strained  samples. 

In  TEM  images  of  samples  with  high  In  con¬ 
tent.  we  observe  three-dimensional  growth  at  tem¬ 
peratures  above  530  °C.  even  for  well  thicknesses 
below  the  critical  thickness.  But  only  the  second 
interface  in  growth  direction,  i.e.  InGaAs  to  GaAs. 
is  disturbed.  At  higher  temperatures,  at  which  the 
well  thickness  and  the  strain  is  reduced  because  of 
significant  In  reevaporation,  both  interfaces  are 
sharp  again. 
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In  this  paper  we  present  detailed  measurements  of  the  thermal  desorption  rates  of  indium  from  strained  GalnAs  grown  off  a 
GaAs  substrate.  We  base  made  these  measurements  by  monitoring  the  photoluminescence  (PI.)  of  (he  groundstale  emission  from 
strained  quantum  wells.  We  show  that  this  methtsd  can  be  an  accurate  and  highly  sensitise  technique  for  measuring  desorption  rates. 
The  measurements  have  been  made  as  a  function  of  composition  and  arsenic  overpressure.  A  simple  misdel  for  the  indium 
incorporation  i.s  developed  and  an  activation  energy  for  the  desorption  prsxess  has  been  obtained 


1.  Introduction 

Preferential  de.sorption  of  the  more  volatile  of 
the  group  HI  elements  during  the  MBE  growth  of 
ternary  III  -  III -V  materials  can  lead  to  errors  in 
composition  and  thickness  of  grown  layers.  While 
this  problem  can  be  avoided  by  growth  at  suffi¬ 
ciently  low  temperatures  where  desorption  can  be 
made  negligible  this  may  lead  to  unacceptable 
compromises  in  material  quality  and  subsequent 
device  performance,  particularly  in  multilayered 
structures.  One  may  then  be  obliged  to  work  in 
regimes  where  substantial  desorption  of  at  least 
one  of  the  group  III  elements  is  occurring.  Under 
these  conditions  it  is  clearly  essential  to  have  the 
group  III  loss  rate  accurately  characterised.  Group 

*  Strained  Layer  Structures  Group 
*  *  Department  of  Electronic  and  Electrical  Engineering. 


Ill  desorption  in  ternary  materials  is  not  trivial.  In 
addition  to  the  temperature  the  desorption  will  in 
general  depend  on  the  group  V  flux,  the  flux  of 
the  other  group  111  element,  the  overall  growth 
rate,  the  composition  of  the  ternary  and  when 
pre.sent  any  strain  in  the  system. 

Previously  [IJ  the  main  method  used  to  study 
desorption  rates  has  been  thickness  measurements 
using  cross-sectional  .scanning  electron  microscopy 
(SEM)  or  transmission  electron  microscopy  (TEM) 
of  layers  or  multilayers  grow  at  different  tempera¬ 
tures.  However,  as  well  as  being  extremely  time 
consuming,  these  techniques  lack  the  sensitivity  to 
measure  low  loss  rates,  particularly  for  composi¬ 
tions  where  the  desorbing  element  is  the  smaller 
mole  fraction,  as  in  GalnAs.  Because  of  this  sensi¬ 
tivity  problem  SEM  and  TEM  may  also  require 
layers  that  are  thicker  than  the  critical  thickness 
for  strain  relaxation  making  it  difficult  to  assess 
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the  influence  of  strain,  which  will  be  expected  to 
increase  the  desorption,  on  the  desorption  rates. 
We  have  therefore  used  low-temperature  photo¬ 
luminescence  from  strained  multilayer  stacks  to 
monitor  the  indium  incorporation  in  InGaAs 
grown  pseudomorphically  on  GaAs.  When  the 
well  is  formed  from  a  ternary  alloy,  as  in  this  case, 
and  the  cladding  is  the  larger  band-gap  binary 
constituent  we  show  that  the  PL  from  quantum 
wells  provides  a  fast,  accurate  and  sensitive  tech¬ 
nique  for  measuring  desorption  rates. 

2.  Experimental  details 

All  of  the  samples  were  grown  by  molecular 
beam  epitaxy  (MBE)  in  a  Vacuum  Generators 
V80H  reactor  on  (100)  orientated  GaAs  sub¬ 
strates.  The  growth  rates  for  all  samples  were 
determined  by  RHEED  oscillation  measurements, 
and  the  growth  rates  for  the  alloy  were  kept 
constant  at  1  monolayer/s.  The  samples  consisted 
of  a  series  of  multiquantum  well  stacks  grown 
under  a  variety  of  conditions  of  interest.  Each 
sample  contained  a  stack  of  seven  nominally  iden¬ 
tical  quantum  wells  each  of  which  had  been  grown 
at  a  different  temperature.  The  first  well  was 
always  grown  at  a  temperature  well  below  the 
regime  for  any  appreciable  desorption  and  there¬ 
fore  provides  a  reference  point.  The  wells  within  a 
stack  were  .separated  by  5(X)  A  of  GaAs  to  provide 
optical  and  structural  isolation  between  wells.  The 
growth  temperature  was  adjusted  during  growth  of 
the  GaAs  barriers.  After  some  initial  test  struc¬ 
tures  all  the  samples  were  grown  with  wells  at  real 
temperatures  of  470,  565,  590,  610,  620,  628  and 
636 °C  grown  sequentially.  These  temperatures 
were  found  to  give  approximately  equally  spaced 
well  separated  PL  peaks  and  to  cover  a  reasonable 
range  of  desorption  rate.  Initial  substrate  tempera¬ 
tures  were  determined  by  reference  to  the  sharp 
c(4  X  4)  to  (4  X  2)  transition  in  the  surface  recon¬ 
struction  monitored  by  RHEED,  530  °C  at  a  5 : 1 
arsenic  to  gallium  flux  ratio  and  subsequently 
monitored  by  optical  pyrometry  (2).  RHEED  re¬ 
construction  temperatures  were  found  to  vary  by 
less  than  3°C  from  beginning  to  end  of  growth. 
To  ensure  consistency  the  substrate  temperature 


Fig.  1.  A  typical  photoluminescence  spectrum  from  a  multi- 
quantum  well  stack  (sample  ME655.  seven  nominally  UK)  A 
Ga„.H6*''o  14-^^  wells  in  GaAs  grown  at  various  temperatures). 

was  set  under  identical  arsenic  fluxes  (3  X  10'' 
atoms  cm  ■  ■  s  ' )  for  all  samples  and  the  arsenic 
flux  actually  u.sed  during  growth  adjusted  subse¬ 
quently.  The  arsenic  flux  was  set  by  measurement 
of  arsenic  induced  RHEED  oscillations  [3]. 

The  photoluminescence  measurements  were 
made  at  a  temperature  of  77  K  using  a  514  nm 
argon  laser  excitation,  a  1  m  grating  .spectrometer, 
and  a  nitrogen  cooled  Ge  pin  detector.  A  plot  of  a 
typical  spectrum  from  a  sample  is  shown  in  fig.  1. 
As  can  be  .seen  there  is  a  shift  in  the  PL  peak 
position  to  higher  energies  for  wells  grown  at 
.succe.s.sively  higher  temperatures  as  a  result  of 
indium  desorption  and  a  consequent  reduction  in 
the  indium  incorporated.  By  far  the  biggest  contri¬ 
bution  to  this  up-shift  is  the  change  in  the  band 
gap  of  the  well  material,  ~  11  meV  for  a  0.01 
change  in  the  indium  mole  fraction.  There  are 
small  second  order  contributions  to  the  PL  shift 
due  to  changes  in  the  confinement  energies  in  the 
conduction  and  valence  band  wells  as  a  result  of 
the  reduction  in  the  well  depths  and  thicknesses. 
We  have  taken  all  of  these  effects  into  account  in 
our  calculation  of  the  composition  of  the  well 
material.  The  composition  of  the  quantum  wells 
was  calculated  from  the  energies  of  the  peak  posi¬ 
tions  to  high  precision  by  solving  the  Schrodinger 
equation  in  the  structure  to  obtain  the  ground 
state  energies  for  the  conduction  and  valence  band 
wells.  We  use  hole  effective  ma.sses  of  0.35  for 
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both  GaAs  and  InAs  and  the  electron  effective 
masses  are  taken  to  be  0.0665  and  0.023.  respec¬ 
tively,  in  the  binaries  and  are  linearly  interpolated 
for  the  alloys.  The  strained  energy  gap  and  band- 
offset  ratios  were  calculated  from  the  solid-model 
method  of  Van  de  Walle  [4].  While  the  absolute 
values  of  the  composition  can  be  slightly  in  error 
using  this  approach  the  shift  in  the  composition, 
from  that  of  the  control  well,  can  nevertheless  be 
obtained  to  a  high  accuracy  and  it  is  this  shift  that 
contains  the  information  on  the  indium  desorp¬ 
tion  rate.  Applying  this  method  iteratively  ac¬ 
counts  fully  for  the  second  order  effect  on  the  PL 
peak  positions  of  the  changes  in  the  well  thickness 
due  to  desorption  of  the  indium  fraction  in  the 
well. 

We  have  performed  two  main  experiments. 
Firstly  we  have  investigated  the  effect  of  the  in¬ 
dium  mole  fraction  on  the  indium  desorption  rate 
from  strained  InGaAs.  and  secondly  we  have 
studied  the  effect  of  varying  the  arsenic  flux.  The 
results  from  these  experiments  are  described  in  the 
following  section. 


3.  Results  and  discussion 

In  fig.  2a  we  have  plotted  the  indium  incorpo¬ 
ration  factor  (the  actual  over  the  expected  indium 
content)  for  five  samples  varying  in  indium  con¬ 
tent  from  -  6%  to  40%  as  a  function  of  tempera¬ 
ture.  The  expected,  zero  desorption,  indium  con¬ 
centration  is  obtained  by  measuring  the  peak  en¬ 
ergy  of  the  PL  from  the  reference  well  grown  at 
the  lowest  temperature  and  calculating  the  com¬ 
position  using  the  method  described  in  the  previ¬ 
ous  section.  All  these  samples  w'ere  grown  under 
an  identical  arsenic  overpressure  with  an  arsenic 
to  total  group  Ill  flux  ratio  of  nominally  5:1.  As 
can  be  seen,  appreciable  indium  desorption  cK'curs 
only  above  ^  550  °C  after  which  the  indium  in¬ 
corporation  decreases  monotonically  with  increas¬ 
ing  temperature  with  only  approximately  half  of 
the  incident  indium  being  incorporated  by 
~640°C.  In  fig.  2b  the  indium  incorporation 
factor  has  been  plotted  over  the  same  temperature 
range  but  for  five  samples  in  which  we  have  varied 
the  arsenic  to  total  group  Ill  flux  ratio  from  2.5  ;  1 


Fig.  2.  Indium  incorporation  fraction  a.s  a  function  of  temperature  for  (a)  various  low  temperature  indium  mole  fraction.s  tj„  and  tb) 

vanous  arsenic  to  group  II!  flux  ratios. 
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to  25  ;1.  Al  these  samples  were  growfn  with  an 
intended  indium  mole  fraction  of  0.2.  The  curves 
are  seen  to  be  of  the  same  form  as  in  the  previous 
experiment.  However,  it  should  be  noted  that  for 
the  lowest  arsenic :  group  Ill  ratio.  2.5:1,  the  in¬ 
dium  desorption  has  apparently  increased  dramat¬ 
ically  above  -  620  °  C.  Indeed,  only  five  of  the 
wells  could  be  observed  implying  that  no  indium 
was  incorporated  at  growth  temperatures  above 
628°  C  for  this  low  arsenic  flux,  or  that  growth 
quality  is  vitiated  by  the  combination  of  high 
temperatures  and  low  arsenic  flux. 

The  results  of  these  two  experiments  are  sum¬ 
marised  for  clarity  in  figs.  3a  and  3b  where  we 
have  plotted,  respectively,  the  indium  incorpora¬ 
tion  factor  as  a  function  of  strained  indium  con¬ 
tent  and  arsenic  to  group  III  flux  for  various 
growth  temperatures.  The  indium  incorporation  is 
seen  to  be  essentially  constant  with  nominal  com- 
po.sition.  the  composition  for  no  indium  desorp¬ 
tion,  over  most  of  the  range  studied  with  a  slight 
reduction  in  indium  incorporation  for  low  indium 
concentrations,  w  hile  small  this  reduction  is  greater 
than  that  expected  from  the  dependence  of  the 
incorporation  fraction  on  the  nominal  composi¬ 
tion  implicit  in  eqs.  (4)  and  (6).  A  similar  reduc¬ 
tion  has  been  previously  ob.served  (5]  in  Ga  incor¬ 


InGa  flux  composition  (%ln) 

Fig.  }  Indium  incorporation  fraction,  at  variouii  temperature.s.  as  n 
<h)  arsenic  to  group  III  Dux  ratio.  The  M>iid  lines  are  bes 


poration  in  the  growth  of  GaAlAs,  at  high  temper¬ 
ature.  as  the  gallium  mole  fraction  is  reduced.  This 
was  speculatively  attributed,  to  an  exchange  reac¬ 
tion  between  surface  Al  and  subsurface  Ga  atoms. 
A  slight  drop  off  in  the  indium  incorporation  for 
the  highest  indium  content  sample  -  40%  is  also 
observed,  but  only  at  a  high  growth  temperature, 
this  is  attributed  primarily  to  the  effects  of  surface 
segregation  of  indium  although  there  may  also  be 
some  contribution  as  a  result  of  increased  strain 
which  will  lend  to  reduce  incorporation.  Fig.  3b 
shows  a  similar  behaviour  of  the  indium  incorpo¬ 
ration  as  a  function  of  arsenic  to  group  III  flux 
ratio.  Again  the  indium  incorporation  is  constant 
over  most  of  the  range  studied.  The  incorporation 
is  reduced  at  lower  flux  ratios,  indeed,  apparently 
dramatically  reduced  at  high  growth  temperatures 
for  the  lowest  flux  ratios  and  high  temperatures 
when  the  arsenic  sticking  factors  will  also  be  re¬ 
duced  we  believe  that  the  surface  may  have  turned 
metal  rich  and  this  quite  probably  kills  the  PL 
intensity.  We  are  currently  undertaking  TEM  to 
check  the  number  of  wells  in  this  .sample.  A  fall 
off  in  group  III  incorporation  at  low  group  V  to 
group  III  flux  ratios  has  been  previously  observed 
in  the  GaAlAs/GaAs  system  (6]  and  was  attri¬ 
buted  to  a  change  in  the  growth  regime  from 


Vt'lll  flux  ratio 

function  of  (a)  the  low  temperature  indium  mole  fraction  and 
fits  to  the  data  and  are  provided  as  a  guide  tc*  the  eye. 
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InGaAs  surface 


Fig.  4.  A  schematic  of  the  growth  model.  /(,  is  (he  total 
incident  group  III  flux.  /  the  incident  indium  flux,  I  -  /  the 
incident  gallium  flux,  a  the  indium  fraction  desorbed  and  ^ 
the  gallium  fraction  desorbed. 

configuration  limited  reactive  (CLR)  incorpora¬ 
tion,  where  the  arsenic  flux  is  sufficient  to  provide 
essentially  complete  arsenic  coverage  of  the  grow¬ 
ing  surface  and  the  group  III  incorporation  will  be 
independent  of  arsenic  flux,  to  reaction  limited 
(RL)  incorporation,  a  group  III  stabilised  regime, 
where  group  III  incorporation  will  depend  on  the 
surface  coverage  of  arsenic  which  is  incomplete 
and  therefore  on  the  arsenic  flux. 

We  have  analysed  these  results  using  a  simple 
rate-equation  model  shown  .schematically  in  fig.  4. 
The  incident  and  emitted  fluxes  are  defined  as 
shown  in  the  figure  and  figure  legend. 


We  assume  that  we  are  operating  in  a  tempera¬ 
ture  regime  where  the  Ga  desorption  is  negligible, 
we  can  therefore  set  fi  =  0.  The  mole  fraction  tji 
of  indium  incorporated  is  then  given  by 

_  /-a  /-« 

’’’  (/-«)  +  (!-/)  1-a- 

The  intended  indium  mole  fraction,  ij,,.  for  no 
desorption,  is  then  given  by  .setting  a  equal  to  0. 
So 

V„=f-  (2) 

We  a.ssume  the  desorbing  flux  «/„  is  proportional 
to  the  surface  concentration  of  indium,  which  is 
just  equal  to  the  incorporated  indium  fraction  of 
monolayers,  if  no  surface  .segregation  is  occurring, 
and  is  exponentially  activated.  We  can  then  write 
the  indium  flux  desorbed  as 

a/„  =  7),Wo  exp(-£^/A.T).  (3) 

where  w,,  is  a  factor  incorporating  an  attempt 
frequency.  The  incorporated  indium  concentration 
ri,  monolayers  is  then 

Vi  =  a/„/u„  exp(  Ej,/kT).  (4) 


Fig.  5.  Arrhcniu.s  plot.s  of  cq.  (6)  for  (a)  variou.s  nominal,  low  temperature,  indium  concentrations  and  (b)  various  arsenic  to  group  III 


flux  ratios.  The  lines  are  lea.st  squares  fits  to  the  data. 
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where  a  can  be  expressed  as 

a  =  (^0- ni)/(l (5) 

Substituting  and  rearranging  we  obtain 


where  tJi/Vo  is  the  incorporation  coefficient  y. 

We  can  therefore  obtain  the  activation  energy 
£.^  and  the  prefactor  /q/uq  from  an  Arrhenius 
plot  of  log((l  -  7),)/(7j„/i>,  -  1)J  against  1/T. 

In  figs.  5a  and  5b  we  show  Arrhenius  plots  of 
the  data  shown  in  figs.  2a  and  2b,  respectively. 
Within  experimental  error  the  activation  energy 
for  indium  desorption  is  found  to  be  constant 
both  as  a  function  of  indium  concentration  and 
group  V  to  group  III  flux  ratios.  We  obtain  an 
average  value  of  1.88  +  0.15  eV  for  this  activation 
energy.  We  make  no  correction  for  any  tempera¬ 
ture  dependence  of  the  prefactor. 


within  experimental  error,  of  both  arsenic  to  total 
group  III  flux  ratio  and  of  compo.sition.  A  value 
of  1.88  +  0.15  eV  is  obtained  for  this  energy. 

We  are  currently  investigating  the  influence  of 
growth  rate  on  desorption  and  will  be  extending 
the  study  to  higher  indium  concentrations  by 
studying  wells  grown  off  relaxed  InGaAs  buffer 
layers.  This  will  enable  us  to  deconvolve  the  ef¬ 
fects  of  composition  and  strain  on  the  indium 
desorption  rate.  We  will  also  be  studying  indium 
desorption  rate  from  a  metal  rich  surface  as  a 
function  of  metal  alloy  compo.sition.  These  results 
will  be  presented  in  future  papers. 
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4.  Conclusion 

To  summarise,  we  have  shown  that  PL  can  be 
used  as  a  valuable  tool  for  studying  desorption  in 
alloy  systems.  We  have  measured  indium  desorp¬ 
tion  from  strained  GalnAs  as  a  function  of  both 
indium  mole  fraction  and  V :  III  flux  ratio.  The 
indium  incorporation  at  any  fixed  temperature  is 
found  to  be  es.sentially  constant  as  a  function  of 
both  composition  and  V  :  III  flux  ratio  over  most 
of  the  range  studied  although  a  reduction  in  in¬ 
dium  incorporation  occurs  both  at  low  composi¬ 
tions  and  low  V :  III  flux  ratios.  The  activation 
energy  for  desorption  is  found  to  be  independent. 
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Strained-layer  (n,Ga|  _  ,As/GaAs  multiple  quantum  well  (MQW)  structures  with  indium  compositions  of  0.15  <  v  <  0.28  grown 
on  GaAs  by  molecular  beam  epita.xy  were  investigated  with  the  emphasis  on  their  material  characteristics  intended  for  surface-nor¬ 
mal  electroabsorption  modulators.  The  interposition  of  an  appropriate  buffer  layer  between  the  GaAs  substrate  and  QW  structure 
has  made  possib.e  the  growth  of  30-80  period  In  ,Ga,  _  ,  As/GaAs  MQWs  with  thicknesses  of  the  strained  layers,well  beyond  the 
p.seudomorphic  limit.  Optical  investigations  of  such  QW  structures  showed  distinct  exciton  peaks  and  clear  quantum  confined  Stark 
effect.  An  exciton  absorption  peak  can  be  selected  by  changing  the  indium  composition  of  the  ternary  alloy  up  to  the  wavelength  of 
A  =  1.08  pm. 


1.  Introduction 

Since  Van  Eck  et  al.  [1]  first  observed  the 
quantum  confined  Stark  effect  in  10-period  pseu- 
domorphically  strained  InQ,,Gaoj,7As(100  A)/ 
GaAs(150  A)  quantum  wells  (QWs),  a  great  deal 
of  attention  has  been  focused  on  the  growth  and 
fabrication  of  strained-layer  In, Ga,  ^ , As/GaAs 
multiple  quantum  well  (MQW)  modulators  [2-6] 
for  the  following  reasons;  (1)  The  GaAs  substrate 
is  transparent  at  the  wavelength  of  the  excitonic 
absorption  in  the  In,Ga,  _  ,As/GaAs  material 
system.  (2)  The  wavelength  of  exciton  lines  can  be 
tuned  widely  in  the  infrared  spectrum  r.inge  which 
can  not  be  obtained  in  a  common  AlGaAs/GaAs 
material  system.  (3)  New  coherent  light  sources 
have  been  developed  in  this  wavelength  range. 

We  have  investigated  during  the  past  few  years 
[4,7]  In ,Ga,_, As/GaAs  multiple  quantum  wells 
(MQWs)  for  surface-normal  electroabsorption 


(EA)  modulator  applications.  The  modulation 
depth  and  the  operating  wavelength  are  the  most 
critical  parameters  for  the  device  design  in  such 
applications.  The  modulation  depth  can  be  en¬ 
hanced  by  increasing  the  number  of  QW  period, 
and  the  exciton  lines  can  be  tuned  to  longer 
wavelengths  by  increasing  the  indium  composition 
of  the  ternary  alloy.  However,  both  of  these  re¬ 
quirements  impose  growth  of  In,Ga, ^ ,As/GaAs 
MQWs  well  beyond  the  pseudomorphic  limit. 

This  paper  reports  on  the  growth  of  30-80 
period  ln,Ga,  _ ,  As/GaAs  QWs  (0.15  <  .r  <  0.28) 
on  a  lattice-mismatched  buffer  layer  by  molecular 
beam  epitaxy  (MBE)  and  the  characterization  of 
their  material  properties  determined  primarily  by 
means  of  absorption  (AB)  and  EA  spectroscopy, 
and  transmission  electron  microscopy  (TEM).  The 
results  obtained  from  AB  and  EA  experiments 
made  at  room  temperature  will  be  discussed  in 
terms  of  the  linewidths  of  the  exciton  lines. 
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Cross-sectional  images  of  the  samples  taken  by 
TEM  will  be  examined  and  compared  with  the 
results  obtained  from  optical  measurements. 

2.  Molecular  beam  epitaxial  growth  and  device 
fabrication 

Three  different  types  of  samples  have  been 
grown  by  conventional  MBE  on  (100)  oriented 
GaAs  substrates  at  substrate  temperatures  be¬ 
tween  500  and  530  °C.  Their  detailed  configura¬ 
tions  are  illustrated  in  figs,  la-lc.  and  their  growth 
parameters  are  listed  in  table  1.  The  substrates 
were  precleaned  prior  to  the  MBE  growths  by  a 
common  cleaning  process  using  an  etching  solu¬ 
tion  made  of  a  NH^OH  ;  HjO. :  H,0  -  5  : 2 : 10 
mixture  for  sample  6  and  a  H2SO4 :  HiO, ;  HiO  = 
5:1:1  mixture  for  the  other  specimens.  The  sam¬ 
ples  were  rotated  with  an  azimuth  rotation  speed 
of  18  rpm  during  the  outgas  and  growth  in  the 
growth  chamber.  A  0.1 -0.3  fim  undoped  GaAs 
buffer  was  grown  before  starting  the  growth  of 
lattice-mismatched  layers.  A  20  s  growth  interrup¬ 
tion  was  used  between  the  growth  of  each  QW 
layer  for  improving  the  surface  smoothness  [8].  A 
superlatlice  buffer  which  consists  of  125  period 
In  ,Ga, . ,  As(25  A)/GaAs(25  A)  with  the  same 
indium  concentration  as  the  QW  layers  was  used 
for  samples  3  and  4.  A  500  nm  thick  In,,  |,Ga„,H7As 


ternary  alloy  buffer  and  a  50-period  InoijGa,,  75 
As(50  A)/GaAs(50  A)  superlattice  buffer  were 
interposed  between  the  GaAs  substrate  and  QWs, 
followed  by  a  200  nm  thick  In,,  cap 

layer  for  sample  6.  The  cap  layer  of  sample  6  was 
beryllium  doped  and  those  of  the  other  samples 
were  silicon  doped  with  doping  concentrations  of 
n(p)  ~  (1-5)  X  10'’  cm  The  ternary  composi¬ 
tions  and  thicknesses  of  the  epitaxial  layers  were 
determined  nominally  by  reflection  high  energy 
electron  diffraction  (RHEED),  and  their  thick¬ 
nesses  were  calibrated  by  cross-sectional  TEM. 

p-i-n  diodes  with  a  ring-shaped  electrode  300 
/am  inner  diameter  and  500  fim  outer  diameter 
were  fabricated  on  such  samples  using  standard 
photolithographic  processes.  Zn-Au  metal  contact 
was  used  for  p-type  substrates  and  Ge-Au  contact 
for  n-type  substrates.  Cr-Au  contact  was  used  for 
the  cap  layers.  Each  device  was  mesa  etched  to  the 
substrate  with  a  solution,  H,P04 :  :  HjO  = 

8:1:1  for  electrical  isolation.  /-  V  traces  of  such 
diodes  showed  small  leakage  currents  of  less  than 
1  ^A.  under  the  electrical  field  of  up  to  f  -  70-90 
kV /cm. 

3.  Material  properties 

Optical  properties  of  such  QW  structures  were 
investigated  by  means  of  both  AB  and  EA  spec- 
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Fig.  1.  Schematic  diagram  of  in,Ga, . ,  As/GaAs  multiple  quantum  wells:  (a)  type  1  (samples  1.2.  and  5);  (b)  type  2  (samples  3 

and  4);  (c)  type  3  (sample  6). 
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Table  1 

Comparison  of  growth  parameters  and  optical  characteristics  of  strained-layer  in  .Ga,  _  ,As/GaAs  multiple  quantum  wells 


Sample 

No. 

In 

composition 

Periods 

Well  width 

(A) 

Barrier  width 

(A) 

Buffer  layer 

Wavelength  of 
exciton  peak  (/xm) 

Linewidth 

FWHM(meV) 

1 

0.15 

80 

120 

120 

None 

0.993 

14.0 

2 

0.19 

80 

120 

120 

None 

1.021 

23.6 

3 

0.15 

50 

120 

120 

SL 

0.985 

11.4 

4 

0.22 

50 

120 

120 

SL 

1.035 

16.4 

5 

0.15 

50 

100 

100 

None 

0.962 

13.4 

6 

0.25 

30 

100 

100 

Alloy  +  SL 

1.058 

18.0 

troscopy  made  at  room  temperature.  Monochro¬ 
matic  light  was  applied  normal  to  the  layers  and 
the  transmitted  light  was  detected  by  a  Si  or  Ge 
photodiode.  The  reflection  from  the  surfaces  and 
residual  absorption  in  the  substrate  were  sub¬ 
tracted  from  the  raw  signal  by  using  a  reference 
substrate. 

A  distinct  exciton  peak  with  a  linewidth  of  14 
meV.  which  is  comparable  to  those  obtained  from 
pseudomorphically  grown  QWs  [9].  was  observed 
from  sample  1.  A  smaller  linewidth  of  11.4  meV 
was  obtained  from  sample  3.  The  linewidth  of 
sample  2  is  distinctly  larger  than  those  of  the  other 
specimens.  A  small  linewidth  is  observed  for  sam¬ 
ple  4  despite  the  larger  lattice-mismatch.  This 
suggests  that  a  superlattice  buffer  may  play  an 
important  role  in  the  growth  of  strained  In^ 
Gai  ,.As/GaAs  QWs.  The  linewidths  of  these 
exciton  peaks  are  also  listed  in  table  1. 

The  cross  sectional  images  of  the  samples  were 
obtained  by  means  of  TEM.  It  was  found  that 
misfit  disltK’ations  are  created  within  the  first  few 
QW'  periods  and  no  propagating  dislocations  are 
found  in  the  remaining  active  layers  of  sample  1. 
TEM  pictures  of  sample  2  show  dislocations  prop¬ 
agating  throughout  the  QW  layers,  showing  a  poor 
crystalline  quality.  This  result  is  consistent  with 
that  obtained  from  the  optical  characterization. 

EA  characteristics  of  the  samples  were  mea¬ 
sured  by  applying  a  DC  reverse  bias  to  a  pin 
diode  fabricated  from  such  structures.  The  line- 
widths  of  the  exciton  peaks  as  a  function  of  elec¬ 
tric  field  are  shown  in  fig.  2.  A  severe  linewidth 
broadening  was  observed  with  increasing  of  elec¬ 
tric  field  for  sample  2.  but  not  for  the  other 
specimens.  It  is  possible  that  the  interface  rough¬ 


ness  could  cause  the  broadening  of  the  exciton 
lines;  However,  no  clear  evidence  of  such  surface 
roughness  was  obtained  from  the  TEM  pictures  of 
sample  2.  Therefore,  we  believe  the  broadening  of 
the  exciton  lines  is  due  to  the  enhanced  scattering 
and/or  greater  tunneling  probability  with  or  via 
deep  traps  generated  by  dislocation  loops. 

The  strained-layer  superlattice  buffers  have 
successfully  confined  misfit  dislocations  at  the  su- 
perlatlice/GaAs  interface  for  sample  3  and  4.  A 
cross-sectional  image  of  sample  4  is  shown  in  fig. 
3.  Therefore,  most  of  the  QW  layers  are  elastically 
deformed.  Since  we  have  observed  misfit  disloca¬ 
tions.  in-plane  lattice  con,^tant  of  the  epitaxial 
layers  can  be  relaxed  from  that  of  GaAs.  It  im¬ 
plies  that  each  In^Ga,  ,As/GaAs  QW  layer 
shares  a  strain  in  opposite  directions,  making  pos¬ 
sible  the  growth  of  the  strained  QW  layer  well 
above  the  pseudomorphic  limit.  However,  the  de¬ 
tailed  information  on  such  relaxation  is  lacking. 


Electric  Held  V/cm) 

Kig  2  l.inewidihs  of  the  exciton  peakx  as  a  function  of  electnc 
field.  (□)  sample  1;  (  )  sample  2;  (a)  sample  .t:  (■)  sample  4: 

(•)  sample  S;  (*)  sample  h. 
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Fig.  .1  A  cross-sectional  image  of  sample  4.  by  means  of 
transmission  electron  microscopy. 


Wavelength  (pm) 

Fig.  4.  F.lectroabsorption  spectra  obtained  from  sample  6: 
(I)  (5)  correspond  to  electric  fields  of  0.  2.2x10'*.  4.4x10*. 
67x10*  and  8.9 x  10*  V/cm. 


Similar  QW  structures  as  in  type  2  with  jr  >  0.25 
were  grown  intended  to  shift  the  exciton  line  to 
longer  wavelengths.  However,  no  distinct  exciton 
peak  was  observed.  A  bulk  ternary  alloy  buffer, 
instead  of  the  alternating  strained  layer,  was  intro¬ 
duced  for  relaxing  the  in-plane  lattice  constant  of 
the  epitaxial  layer  presumably  up  to  the  average  of 
In^Ga,_^As  and  GaAs  for  sample  6.  It  is  theoret¬ 
ically  predicted  [10]  that  an  alternating  strained 
layer  structure  whose  weighted  strains  are  equal 
but  opposite  will  remain  commensurate  if  each 
layer  is  below  the  critical  layer  thickness  limit  EA 
spectra  obtained  from  sample  6  exhibit  a  large  AB 
coefficient  change  of  up  to  Aa  =  5900  cm  “ '  at 
A  =  1.05-1.09  fim  as  shown  in  fig.  4.  Similar  QW 
structures  as  sample  6  with  x  =  0.28  also  exhibit 
sharp  exciton  peaks  at  \  ~  1.08  pm.  TEM  investi¬ 
gations  on  such  a  specimen  with  x  =  0.28  show 
that  misfit  dislocations  are  confined  in  the  ternary 
alloy  layer  [6].  The  use  of  such  a  bulk  ternary  alloy 
buffer  may  provide  a  better  balanced  strain  in 
each  QW  layer  and/or  provide  more  uniform 
spatial  distribution  of  strain  than  using  an  alter¬ 
nating  strained  layer  buffer. 


4.  Summary 

In  ,Ga,  _ ,  As/GaAs  (0.15  <  .v  <  0.28)  multiple 
quantum  wells  were  grown  with  the  total  thickness 
of  the  strained  layer  well  above  the  critical  layer 
thickness  limit.  The  optical  and  electrooptic  prop¬ 
erties  as  well  as  the  crystalline  quality  of  such  QW 
structures  suggest  potential  applications  for 
.surface-normal  EA  modulators  in  the  0. 9-1.1  jum 
wavelength  range. 
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The  relation  between  the  excilon  linewidlh  and  the  quantum  well  width  is  studied  for  various  In  compositions  in  InGaAs/GaAs 
quantum  wells.  region  of  minimum  excilon  linewidth  is  observed.  Thick  multiple  quantum  wells,  grown  in  this  minimum  linewidlh 
region,  show  sharp  excitonic  features  when  grown  under  RHEED  determined  optimized  growth  conditions.  L'ltrathick  .strained 
multiple  quantum  wells  with  good  optical  quality  are  realized  by  exploiting  strain  relief  via  grow  th  on  pre-patterned  substrates. 


I.  Introduction 

In.Ga,  ,,A,s/GaA.s  multiple  quantum  wells 
(MQWs)  grown  on  GaAs  are  of  interest  since  their 
eKciton  transition  energies  lie  in  the  transparent 
region  of  the  substrate.  Used  as  the  active  region 
in  spatial  light  modulators  (SLMs),  this  system 
gives  more  flexibility  in  geometry  and  proce.ssing 
than  the  AIGaAs/GaAs  ba.sed  SLMs.  However, 
due  to  the  presence  of  lattice  mismatch,  taking 
such  advantage  is  hindered  by  the  small  critical 
thickness  for  defect  generation.  Efforts  are  de¬ 
voted  to  realizing  sharp  excitonic  features  in  these 
highly  strained  QWs.  In  this  paper  we  show  that 
sharp  excitonic  features  can  be  achieved  by  a 
combination  of  quantum  well  design  and  MBE 
growth  procedure.  We  first  present  results  for 
single  quantum  well  (SQW)  exciton  linewidth  de¬ 
pendence  on  the  well  width  and  In  composition 
and  identify  a  region  of  linewidth  minimum.  Re¬ 
sults  for  MQWs  grown  in  this  regime  are  then 
pre.senied.  Finally,  the  role  of  growth  on  pre-pat¬ 
terned  substrates  to  further  improve  the  optical 
properties  is  examined.  Although  due  to  space 
limitations  only  photolumine.scence  and  optical 
transmission  measurement  results  are  reported 
here,  this  study  included  extensive  structural  ex¬ 
amination  via  transmission  electron  micro.scopy 
and  electrical  examination  via  C-F  measure¬ 


ments.  Readers  are  referred  to  ref.  [1]  for  these 
results  as  well  as  good  electro-modulation  behav¬ 
ior  observed  on  these  .samples. 


2.  Experimental 

The  samples  were  grown  in  the  USC  RIBER 
32P  MBE  system  on  GaAs(lOO)  substrates  (either 
Cr-doped  .semi-insulating  or  Si-doped  n^ ).  Reflec¬ 
tion  high  energy  electron  diffraction  (RHEED) 
pattern  and  intensity  behavior  was  monitored  to 
determine  the  growth  condition  [2]  (i.e..  substrate 
temperature,  growth  rate,  arsenic  pre.ssure  and 
alloy  composition)  as  well  as  to  ensure  their  repro¬ 
ducibility.  independent  of  the  machine  gauges,  etc. 
This  is  absolutely  critical  to  having  confidence  in 
comparisons  made  between  different  samples  and 
interpretations  of  the  underlying  physics.  The  sub¬ 
strate  temperatures  used  varied  from  580  to  520  °C 
with  increasing  In  content  from  0.10  to  0.25  .so  as 
to  maintain  control  on  In  composition  since  In 
desorption  rale  is  a  strong  function  of  the  temper¬ 
ature  above  520  °C.  The  In  compo.sition  typically 
varies  +1%  acro.ss  a  2  cm  square  wafer.  The 
photolumine.scence  (PL)  and  PL  excitation  (PLE) 
measurements  were  performed  with  an  Ar^  la.ser 
pumped  Ti-sapphire  laser,  a  Spex  1704  monochro¬ 
mator.  and  a  LN-  cooled  Ge  detector.  For  absorp- 
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Fig.  1,  5  K  photoluminescente  from  (a)  sample  R0900704  and 
(b)  sample  RG9007IO. 


tion  measuremenis.  a  halogen-tungsten  lamp  was 
used  as  the  source  and  either  a  Si  or  Ge  detector 
was  used  for  detection 


3.  Results  and  discussion 

In  order  to  investigate  the  dependence  f  the 
exciton  linewidth  on  the  QW  well  width  id  In 
composition,  samples  containing  multiple  single 
quantum  wells  of  different  well  widths  were  ex¬ 
amined  for  different  In  compositions.  Figs,  la  and 
lb  show  the  5  K  PL  results  on  two  typical  samples 
(RG900704  and  RG900710),  each  containing  four 
SQW  of  well  widths  16  monolayer  (ML),  21  ML, 
28  ML  and  35  ML  and  In  content  0.13  and  0.20, 
respectively.  They  were  chosen  to  cover  the  range 
of  practical  value  to  quantum  confined  Stark  ef¬ 
fect  (QCSE)  devices  and  to  be  distributed  evenly 
in  both  well  width  and  exciton  transition  energy 
scale.  The  growth  sequence  is  thin  well  to  thick 
well  in  order  to  minimize  the  possibility  of  dislo¬ 
cations  generated  in  one  well  propagating  into  the 


subsequent  wells.  Very  thick  GaAs  barriers  of  180 
ML  are  grown  between  SQW  to  prohibit  elec¬ 
tronic  communication  between  wells.  Such  thick¬ 
ness  is  also  found  through  RHEED  studies  to  be 
adequate  for  recovering  the  surface  to  the  same 
condition  as  the  starting  point  of  the  previous 
wells. 

In  the  PL  measurements,  the  excitation  energy 
of  Ti-sapphire  laser  was  tuned  at  8450  A,  slightly 
below  the  GaAs  bandgap  and  above  all  the  QW 
exciton  transition  energies  of  interest.  The  excita¬ 
tion  power  was  varied  from  0.01  to  10  W/cm‘. 
The  peaks  are  quite  symmetric  and  remain  un¬ 
shifted  under  all  excitation  powers,  indicating  the 
excitonic  nature  of  these  transitions.  The  PL  is 
found  to  be  very  efficient  and  is  estimated  to  be  1 
to  2  orders  of  magnitude  more  efficient  than  that 
from  GaAs/Aly jGao7As  SQW  samples.  Unlike 
the  GaAs/AIGaAs  QWs  in  which  the  exciton  PL 
intensity  is  found  to  increase  linearly  or  superlin- 
early  with  increasing  power  [3],  it  is  found  to 
increase  sublinearly  with  increasing  power  in  these 
InGaAs/GaAs  samples.  The  linewjdths  remain 
almost  constant  for  excitation  power  <  1  W/cm’ 
and  start  to  increase  beyond  1  W/cm’.  the  behav¬ 
ior  near  the  exciton  tail  changing  faster  than  that 
at  half  maximum.  The  PL  peak  positions  and  full 
widths  at  half  maximum  (FWHMs)  at  an  excita¬ 
tion  power  of  1  W  /cm?  are  listed  in  table  1 .  These 
linewidths  are  generally  amongst  the  narrowest 
found  in  the  literature  [4-6].  Note  that  there  exists 
a  minimum  linewidth  in  the  well  width  range 
studied.  For  the  x  =  0.13  sample  (RG9(X)704),  this 
minimum  linewidth  is  found  to  lie  in  a  rather  wide 
region,  between  28  ML  and  35  ML.  This  mini- 


Table  1 

The  peaX  positions  and  linewidths  (FWHMs)  of  sample 
RG900704  (.V  =  0.13)  and  sample  RG900710  (.x  =  0.20)  for  5 
K  photoluminescence  of  fig.  1 


Well 

width 

(ML) 

jc  =  0.13 

X  =  0.20 

F(eV) 

FWHM 

(meV) 

F(eV) 

FWHM 

(meV) 

16 

1.4553 

6.3 

1.38% 

10.4 

21 

1.42% 

4.6 

1.3663 

7.8 

28 

1.4137 

4.2 

1.3416 

6.2 

35 

1.4018 

4.3 

1.3268 

6.8 
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mutn  behavior  becomes  more  evident  at  higher  In 
composition  as  seen  in  sample  RG900710  (x  = 
0.20)  where  the  minimum  is  located  at  28  ML. 
This  behavior  is  different  from  the  linewidth-well 
width  relation  previously  reported  for  the 
GaAs/AlGaAs  [6,7]  and  the  InGaAs/GaAs  [6] 
systems.  The  minimum  linewidth  of  4.2  meV  for 
the  .Y  =  0.13  sample  and  6.2  meV  for  the  x  =  0.20 
sample  is  found  to  satisfy  the  x(l  —  x)  rule  [8] 
closely,  indicating  that  the  alloy  scattering  con¬ 
tributes  an  important  factor  to  the  linewidth  in 
this  class  of  samples.  This  phenomenon  can  be 
understood  by  taking  into  account  the  interfacial 
and  alloy  scattering,  as  well  as  the  possible  de¬ 
gradation  in  growth  front  for  thicker  InGaAs 
layers.  Since  the  primary  focus  of  this  paper  is  on 
the  realization  of  the  sharpest  exciton  features,  the 
mechanism  responsible  for  this  line  width  behav¬ 
ior  will  be  analyzed  elsewhere  [9]. 

Next  we  present  results  on  the  role  of  growth 
procedure  in  realizing  good  exciton  features.  Sam¬ 
ples  in  the  p-i(MQW)-n  configuration  were  grown 
on  substrates  containing  a  region  of  square  mesas 
of  10  to  20  ftm  linear  size.  The  choice  of  the  mesa 
size  was  motivated  by  a  balance  between  effective¬ 
ness  in  intrinsic  defect  reduction  in  this  In  com¬ 
position  range  as  revealed  by  previous  studies 
[10.11]  and  a  usable  size  for  a  single  pixel  in  a 
two-dimensional  array  of  a  SLM.  Fig.  2  shows  the 
room  temperature  absorption  behavior  of  sample 
RG900420  (50  period  Ioq  ,2Gao  ,8As(35  ML)/ 
GaAs(70  ML)  MQW).  Note  that  the  QW  well 
width  is  in  the  linewidth  minimum  region.  The 
absorption  coefficient  is  obtained  by  considering 
the  thickness  of  the  total  active  InGaAs  layers.  In 
the  mesa  region,  the  behavior  is  the  average  over 
the  mesa  and  trench  regions  with  the  mesas  oc¬ 
cupying  -  1 3.5%  of  the  area  since  the  beam  size  is 
approximately  0.5  mm^  and  the  mesa  size  is  18 
lam  X  12  fim.  The  slightly  shorter  wavelength  of 
the  exciton  peak  in  the  patterned  area  can  be 
mostly  attributed  to  the  slightly  lower  In  composi¬ 
tion  expected  from  the  overall  mapping  of  In 
composition  in  this  sample.  Based  on  our  earlier 
studies  [12],  it  is  expected  that  the  higher  degree  of 
homogeneous  strain  in  the  mesa  region  also  con¬ 
tributes  to  this  effect.  The  half  width  at  half 
maximum  (HWHM)  of  the  exciton  in  the  pat- 


Fig.  2.  The  room  temperature  absorption  behavior  of  a  50 
period  Ihq  i;Gao8sAs(35  ML)/GaAs(70  ML)  MQW  (sample 
RG900420)  from  the  non-pattemed  (.solid  curve)  and  patterned 
(broken  curve)  regions. 

temed  region  is  7.9  meV,  slightly  narrower  than 
the  9.4  meV  HWHM  in  the  non-pattemed  region. 
Though  not  discussed  here,  electro-absorption  ex¬ 
periments  reveal  that  these  line  widths  are  dis¬ 
torted  by  an  inhomogeneous  distribution  of  elec¬ 
tric  field  across  the  MQW  at  zero  bias  [1].  The 
intrinsic  HWHM  obtained  from  these  experiments 
is  approximately  5.5  meV  at  room  temperature 
and  2.5  meV  at  LN^  temjjerature  for  the  non-pat¬ 
temed  region.  These  linewidths  are  generally  com¬ 
parable  to  or  even  narrower  than  those  obtained 
earlier  [13,14]  for  the  much  thinner  10  period 
similar  stmctures,  indicating  the  high  quality  of 
the  MQWs  in  both  patterned  and  non-pattemed 
regions  even  for  a  total  MQW  thickness  as  high  as 
1.5  pm. 

The  advantage  of  growth  on  a  pre-pattemed 
substrate  when  the  In  composition  is  higher  can 
be  seen  clearly  in  the  following  example.  Fig.  3 
shows  the  5  K  transmission  behavior  of  sample 
RG891110  (100  period  Ino2oGao(ioAs(28  ML)/ 
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Fig.  3.  Optica)  transmission  behavior  of  sample  RG891110  for 
the  MOW  in  the  non-pattemed  region  (broken  curve)  and 
patterned  region  (solid).  The  first  heavy  hole-to-first  confined 
electron  (thh-le).  light  hole  to  first  confined  electron  (Ih-Ie). 
and  second  heavy  hole-io-second  confined  electron  (2hh~2e) 
escitons  are  observed  indicating  high  quality  quantum  wells  on 
the  mesas. 


4.  Conclusions 

In  summary,  the  relationship  between  exciton 
linewidth  and  QW  well  width  in  GaAs/lnGaAs 
quantum  wells  is  studied  for  various  In  composi¬ 
tion.  A  line  width  minimum  is  observed  in  the  well 
width  range  of  practical  importance  to  (JCSE 
based  devices.  Thick  MQW  samples,  grown  using 
RHEED  determined  growth  conditions,  with  well 
width  in  this  linewidth  minimum  region  exhibit 
sharp  excitonic  features.  The  usefulness  of  growth 
on  pre-pattemed  substrates  in  improving  the  opti¬ 
cal  quality  of  ultrathick  strained  MQW  is  demon¬ 
strated. 


Acknowledgnients 

This  work  was  supported  by  the  AFOSR.  ARO. 
and  the  URl  on  Integration  of  Optical  Computing 
administered  by  AFOSR. 


References 


GaAs(56  ML))  from  the  non-patterned  region 
(broken  curve)  and  patterned  region  containing  18 
/im  X  16  )im  size  mesas  (solid  curve).  Note  again 
that  since  the  In  composition  is  higher,  the  well 
width  was  decreased  accordingly  to  meet  the 
minimum  linewidth  requirement.  While  in  the 
non-pattemed  region  no  excitonic  features  are  ob¬ 
served.  a  sharp  Ihh-le  excitonic  transition  can  be 
clearly  seen  in  the  patterned  region.  Even  the 
Ih-le  and  2hh-2e  transitions  can  be  resolved. 
This  finding  clearly  indicates  the  good  quality  of 
the  MQWs  grown  on  top  of  the  mesas  and  is 
consistent  with  our  XTEM  studies  [1.15]  which 
showed  that  while  a  high  density  of  defects,  in¬ 
cluding  threading  dislocations,  is  present  in  the 
non-pattemed  region,  the  MQWs  grown  on  the 
mesas  contain  much  lower  defect  density. 


|l|  Li  Chen.  A.  Madhukar.  K.C  Rajkumar.  Kenhong  Hu  and 
}.}.  Jung,  in:  PriK.  20th  Intern.  Conf.  on  Physics  of 
Semiconductors.  Thes,saloniki.  1990.  Ed.  .1.  Joannopoulos 
(World  Scientific.  Singapssre.  1991). 

12)  P.  Chen.  J.Y.  Kim.  A.  Madhukar  and  N.M.  Cho.  J. 
Vacuum  Sci.  Techno).  B4  (1986)  890. 

(3)  R.C.  Miller.  D.A.  Kleinman.  W.A.  Nordland,  Jr.  and  .A  C. 
Gossard.  Phy,s.  Rev.  B22  (1980)  863. 

(4)  K.F.  Huang,  K.  Tai.  S.N.G.  Chu  and  A.Y.  Cho.  Appl. 
Phys.  Letters  54  (1989)  2026. 

(5)  D.J.  Arent.  K.  Deneffe.  C.  Van  Hoof.  J.  De  Boeck  and  G. 
Borghs.  J.  Appl.  Phy.s.  66  (1989)  17,39. 

(6)  DC  Bertolet,  Jung-Kuei  Hsu.  K.M.  Lau,  E.S.  Koteles 
and  D.  Owens.  J.  Appl.  Phys.  64  (1988)  6562. 

(7)  S  B.  Ogale.  A.  Madhukar.  F.  Voillot.  M.  Thomsen.  W.C. 
Tang.  T.C.  Lee.  J.Y.  Kim  and  P.  Chen.  Phys.  Rev.  B.36 
(1987)  1662. 

18]  E.F.  Schubert.  E.O.  Gobel.  Y.  Horikoshi.  K.  Ploog  and 
H.J.  Queisser.  Phys.  Rev.  B30  (1984)  813. 

[9]  Li  Chen  and  A.  Madhukar.  unpublished. 

|10]  S.V.  Ghaisas  and  A.  Madhukar.  J.  Vacuum  Sci.  Technol. 

B7  (1989)  264.  and  references  therein. 

(11)  S.  Guha.  A.  Madhukar.  K.  Kaviani  and  R.  Kapre.  J. 
Vacuum  Sci.  Technol.  B8  (1990)  149;  see  also  Appl.  Phys. 
Letters  56  (1990)  2304. 


428 


Li  Chen  el  al.  /  Sharp  excitonic  features  in  highly  strained  GaAs /  in  fia ,  ^As  MQWs  on  GaAs(IOO) 


(12)  Li  Chen.  K.C.  Rajkumar  and  A.  Madhukar,  Appl.  Phys. 
Letters  57  (1990)  2478. 

(13)  T.E.  Van  Eck.  P.  Chu.  W.S.C.  Chang  and  H.H.  Wieder. 
Appl.  Phys.  Letters  49  (1986)  135. 

(14)  J.Y.  Marzin.  M.N.  Chara.sse  and  B.  Sermage.  Phys.  Rev. 
B31 (1985)  8298. 


(15)  A.  Madhukar.  K.C.  Rajkumar.  Li  Chen.  S.  Guha.  K. 
Kaviani  and  R.  Kapre.  Appl.  Phys.  Letters  57  (1990) 
2007. 


Journal  of  Crystal  Growth  111  (1991)  429-4 
North-Holland 


429 


Observation  of  dark  line  defects  in  InGaAs/GaAs  strained  layer 
superlattices  by  photoluminescence  topography 

Kanji  lizuka,  Takashi  Yoshida,  Toshimasa  Suzuki  and  Haruo  Hirose 

Nippon  Institute  of  Technology,  4-1  Gakuendai,  Miyashiro,  Mtnami-Saitama,  Saitama  .145,  Japan 


The  behavior  of  dark  line  defects  ( DLDs)  in  molecular  beam  epitaxy  grown  InGaAs/GaAs  strained  layer  superlattices  (SLSs)  has 
been  studied  by  photoluminescence  (PL)  topography.  The  density  of  DLDs  parallel  to  the  |011)  was  larger  than  that  of  those 
perpendicular  to  the  [Oil]  and  increased  with  increasing  number  of  SLS  periods.  These  DLDs  were  considered  to  be  originated  from 
the  locally  deformed  lattices  by  the  misfit  stress.  The  relaxation  model  of  stress  in  MBE-grown  InGaAs/GaAs  SLSs  was  proposed 
from  the  obtained  results. 


t.  Introduction 

The  strained  InGaAs/GaAs  system  has  been 
actively  studied  in  recent  years  because  of  its 
potential  applications  to  electronic  and  optoe¬ 
lectronic  desices  (IJ.  This  system  was  revealed  to 
have  a  large  number  of  dislocations  caused  by 
large  lattice  mismatches  ( ~  7%)  [2],  Fitzgerald  et 
al.  [3]  have  observed  scanning  cathodolumines- 
cence  (CL)  and  transmission  electron  microscopy 
(TEM)  images  of  AIGaAs/lnGaAs/GaAs  hetero¬ 
structures  and  discussed  the  relation  between  the 
direction  of  the  dislocations  and  the  residual  elas¬ 
tic  strains. 

Photoluminescence  (PL)  topography,  which 
gives  us  information  on  spatial  variations  of  PL 
emission  using  an  image  detector  instead  of  mea¬ 
suring  PL  spectra,  also  enables  us  to  characterize 
the  nonradiative  centers  such  as  dark  spots  (DSs) 
or  dark  line  defects  (DLDs)  (4).  We  have  been 
evaluating  the  crystallinity  of  various  GaAs  wafers 
and  molecular  beam  epitaxy  grown  (MBE-grown) 
InGaAs/AlGaAs/GaAs  multilayer  or  superlattice 
structures  by  PL  topography  [5,6]. 

In  this  study,  the  misfit  strains  in  MBE-grown 
InGaAs/GaAs  strained-layer  superlattices  (SLSs) 
with  various  superlattice  periods  and  growth  tem¬ 
peratures  were  characterized  by  PL  topography. 


Finally  the  relaxation  mechanism  of  stress  in  this 
system  was  discussed. 

2.  Experimental 

InGaAs/GaAs  SLSs  were  grown  by  MBE  using 
a  Riber  model  MBE  2300  R&D  system.  Sub¬ 
strates  were  prepared  from  the  indium-doped 
semi-insulating  (100)  GaAs  wafers  (EPD;  10^ 
cm  ^).  The  growth  temperature  was  varied  from 
500  °C  to  575  °C.  The  SLS  samples  were  com¬ 
posed  of  alternation  of  70  A  thick  Ino,GaQ,As 


Fig.  I .  A  Schematic  illustration  of  sample  structure. 
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and  100  A  thick  GaAs  layers,  and  the  related 
period  was  varied  from  5  to  30  as  shown  in  fig.  1. 
The  thickness  of  each  layer  was  controlled  by 
observing  reflection  high  energy  electron  diffrac¬ 
tion  (RHEED)  intensity  oscillation. 

PL  topography  was  carried  out  at  the  tempera¬ 
ture  about  50  K  using  an  infrared  Vidicon  TV 
camera  (Hamamatsu  C-1965)  where  a  cw  krypton 
ion  laser  light  (6471  A,  600  mW)  was  used  as  an 
excitation  source  and  an  IR-80  high-pass  filter  was 
adopted  to  suppress  the  laser  light  and  to  observe 
the  PL  emission  only. 


3.  Results  and  discussion 

Fig.  2  shows  the  PL  topograph  patterns  of  the 
samples  with  various  SLS  periods  at  the  substrate 
temperature;  550  °C.  The  cross-stripe  pattern  of 
ark  lines  as  seen  in  the  figure  was  observed  in  all 
SLS  samples.  Similar  patterns  have  also  been  ob¬ 
served  by  CL  observations  [1,2].  Such  dark  lines 
were  not  observed  so  far  in  a  thicker  layer  (1  jam 
thick  InoiGaogAs);  however,  a  cross-hatch  pat¬ 
tern  was  revealed  by  Nomarski  microscope  ob¬ 
servation  on  the  surface.  It  was  concluded  that 
this  pattern  was  caused  by  the  misfit  stress  be¬ 
tween  GaAs  and  lno|Gao9As  [6],  On  the  other 
hand,  the  cross-hatch  pattern  has  never  been  ob¬ 
served  on  the  surface  of  SLSs,  although  a  similar 
pattern  in  the  DLDs  with  a  different  density  was 
observed  by  PL  topography.  This  result  suggests 
that  the  misfit  stress  in  thick  lOmGau^As  on 
GaAs  will  be  relaxed  by  forming  wrinkles  on  its 
surface,  but  that  in  SLSs  by  introducing  some 
defects  it  is  observed  as  dark  lines. 

The  density  of  the  DLDs  was  increased  with 
increasing  the  number  of  the  SLS  period.  The 
internal  stress  in  the  SLS  structures  is  relaxed  by 
the  lattice  relaxation  of  each  layer  whose  thickness 
is  thinner  than  the  critical  value  (7}.  The  layer 
thickness  of  all  !no,Gao,As  layers  was  smaller 
than  the  critical  value.  Therefore  we  consider  that 
we  could  take  the  standpoint  that  these  DLDs 
were  not  caused  by  the  misfit  dislocation,  but  were 
caused  by  the  misfit  stress  between  the  Ing^Gagg 
As  layers  and  the  GaAs  layers.  However.  PL  topo¬ 
graph  observations  indicate  the  difference  in  PL 


aspects  between  misfit  stress  and  dislocation 
qualitatively.  In  order  to  confirm  this  point,  the 
cross  section  of  the  SLSs  should  be  observed  by 
transmission  electron  microscopy  (TEM). 

It  is  not  known  why  we  could  observe  the 
relaxation  of  the  misfit  stress  by  PL  topography. 
We  consider  the  direction  of  the  DLDs.  The  DLDs 
were  lines  parallel  or  perpendicular  to  the  [011] 
direction.  The  density  of  DLDs  parallel  to  the 
[Oil]  was  about  400  lines/cm  and  it  was  larger 
than  that  of  those  perpendicular  to  the  [011].  We 
think  that  this  difference  is  caused  by  the  growth 
mechanism  of  the  layer  on  the  surface.  Asai  [8] 
reported  on  anisotropic  lateral  growth  in  GaAs 
layers  on  (001)  substrates  and  found  that  the 
fastest  growth  direction  is  the  [110]  and  the  slowest 
is  the  [110]  direction.  Therefore  the  progress  of  the 
[011]  steps  on  the  GaAs  (100)  surface  in  our  case 
should  be  more  preferential  than  that  of  the  [011] 
steps.  As  a  result,  the  surface  stress  in  the  [Oil] 
direction  is  relaxed  in  a  shorter  distance  than  in 
the  [Oil]  direction  as  the  Iuq  iGao^As  layers  grow. 
This  difference  in  the  direction  of  the  progress  of 
steps  corresponded  well  to  the  difference  in  the 
density  of  DLDs.  We  think  that  the  lnoiGao,As 
lattice  will  be  deformed  locally  by  the  compressive 
stress,  as  Grundmann  et  al.  [9]  reported  from  the 
results  of  double-crystal  X-ray  diffraction,  and 
therefore  the  PL  emission  efficiency  in  the  de¬ 
formed  region  will  be  degraded  to  be  observed  as 
a  DLD  by  PL  topography. 

If  the  generation  of  DLDs  is  dependent  on  the 
progress  of  steps,  the  behavior  of  DLDs  should  be 
changed  by  the  growth  temperature.  Fig.  3  shows 
the  change  of  the  PL  topograph  pattern  of  the 
samples  with  10  SLS  periods  when  the  growth 
temperature  was  varied  from  5(K)  to  575  °C.  When 
the  growth  temperature  was  575  °C,  no  stripe  pat¬ 
tern  was  observed.  This  situation  might  be  under¬ 
stood  in  such  a  way  that  the  growth  temperature 
was  so  high  that  the  stuck  indium  atoms  were 
eliminated  from  ,he  surface,  and,  as  a  result,  the 
superlattice  structure  was  not  completed.  When 
the  growth  temperatures  were  lower  than  550  °C, 
the  densities  of  the  DLDs  in  the  [Oil]  and  [Oil] 
directions  were  increased  with  decreasing  growth 
temperature.  For  example,  the  density  in  the  [Oil] 
direction  was  about  400  lines/cm  at  550  °C  and  it 
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Fig.  2.  PL  topograph  patterns  from  four  MBE-grown  lno.|Gao,As/GaAs  SLSs  which  have  various  superlattice  periods:  (a)  5 
periods;  (b)  10  periods:  (c)  20  periods:  (d)  30  periods.  The  substrate  temperature  was  550  °  C,  Marker  represents  100  pm. 


was  about  700  lines/cm  at  500  °C.  We  consider 
that  this  was  caused  by  the  change  in  the  surface 
migration  of  the  atoms.  That  is  to  say,  the  diffu¬ 
sion  length  is  decreased  with  decreasing  growth 
temperature,  and  the  density  of  the  DLDs,  caused 
by  the  local  relaxation  of  the  misfit  stress,  was 
increased. 

Here  we  propose  a  model  for  relaxation  ani¬ 
sotropy  of  the  stress  in  InGaAs/GaAs  SLSs,  as 
shown  in  fig.  4.  The  compressive  stress  is  acting  to 
the  growing  surface  of  the  Ino  ,Gao,As  layer.  This 
stress  is  accumulated  with  increasing  layer  thick¬ 
ness.  and  relaxed  by  deforming  local  lattices.  But 
misfit  dislocation  will  not  be  introduced  because 
the  thickness  of  the  InoiGao,As  layers  is  thought 
to  be  thinner  than  the  critical  layer  thickness.  The 
lattice  deformation  in  the  [Oil]  direction  is  more 


preferential  than  that  in  the  [011]  direction,  since 
the  lateral  growth  rate  has  an  anisotropy.  In  other 
words,  the  compressive  stress  is  relaxed  within  a 
shorter  distance  in  the  [011]  direction  than  that  in 
the  [Oil]  direction,  since  the  growth  of  steps  in  the 
[011]  direction  is  slower  than  in  the  [011]  direc¬ 
tion.  These  locally  deformed  InpiGao^As  lattices 
are  observed  as  anisotropic  DLD  patterns  by  PL 
topography. 

4.  Conclusion 

InGaAs/GaAs  SLSs  with  various  periods  and 
growth  temperatures  were  grown  by  MBE  and 
characterized  by  PL  topography.  Cross-stripe  pat¬ 
terns  were  observed  in  all  samples  except  in  the 
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Fig.  3.  Temperature  dependence  of  the  PL  topograph  patterns  from  MBE-grown  Inp iGaogAs/OaAs  SLSs  whose  SLS  period  was 
ten.  The  growth  temperature  was:  (a)  SOO^C:  (b)  525 "C;  (c)  550” C:  (d)  575°  C.  Marker  represents  100  ^m. 
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Fig.  4.  A  proposed  model  for  the  relaxation  anisotropy  of  the 
stress  in  InGaAs/GaAs  SLS. 


one  grown  at  575  °C.  The  density  of  the  DLDs 
was  increased  with  increasing  SLS  period  and  with 
decreasing  growth  temperature.  The  density  of  the 
DLDs  parallel  to  the  [011]  was  about  400  hnes/cm 
and  it  was  larger  than  that  of  those  perpendicular 
to  the  [Oil].  This  difference  was  thought  to  be 
caused  by  the  anisotropy  in  the  growth  rates  of 
steps  in  Ino  iGa^^As  layers.  That  is  to  say,  relaxa¬ 
tion  of  the  misfit  stress  in  the  [011]  direction  is 
more  preferential  than  that  in  the  [011]  This  re¬ 
laxation  is  accompanied  with  the  deformation  of 
the  local  lattices  in  the  Ino  qGaQ  qAs  layers  without 
introducing  the  misfit  dislocations,  because  the 
thickness  of  the  Ino  ,Gao9As  layer  is  thinner  than 
the  critical  value.  This  lattice  deformation  results 
in  the  degradation  of  the  efficiency  of  PL  emis¬ 
sion.  As  a  result,  this  lattice  deformation  is  ob- 
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served  as  DLD  by  PL  topography.  Finally,  we 
proposed  a  relaxation  model  of  the  stress  which 
explains  sufficiently  the  relaxation  of  the  stress  in 
InGaAs/GaAs  SLSs. 
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The  nature  and  control  of  morphology  and  the  formation  of  defects 
in  InGaAs  epilayers  and  InAs/GaAs  superlattices  grown  via  MBE 
on  GaAs(lOO) 

S.  Guha,  K.C.  Rajkumar  and  A.  Madhukar 
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Initial  stages  of  molecular  beam  epitaxial  (MBE)  growth  of  highly  mismatched  ln,Gaj  ^As/GaAs(100)  have  been  studied  by 
planar  and  cross-sectional  transmission  electron  microscopy.  For  In^^Ga^^As  growth,  we  find  drastic  differences  in  morphology 
obtained  by  reducing  the  growth  temperature  form  475  to  420°C.  We  also  observe  differences  in  morphology  between  alloy  growth 
and  short  peruxi  superlaitice  ((InAs)„/(GaAs)„,  (m  *  1  monolayer,  n  =  2  monolayers)  growth  of  equivalent  effective  composition.  In 
the  ca.se  of  gn^wth  by  formation  of  large  islands,  we  present  direct  evidence  of  strain  relief  at  the  island  edges  and  discuss  defect 
formation  in  these  islands. 


1.  Introduction 

Technical  exploitation  of  the  lattice  mis¬ 
matched  In,Ga| .  ,As/GaAs  (.v  >0,30)  is  limited 
due  to  roughening  of  the  growth  front  due  to  a 
change  in  the  growth  mode  from  2D  layer-by-layer 
to  3D  islanding  beyond  a  certain  composition 
dependent  thickness.  Computer  simulations  show 
that  a  3D  growth  mode  is  brought  about  by  a 
strain  induced  anisotropy  in  interplanar  cation 
migration  [1],  A  change  in  the  growth  mode  also 
brings  about  a  change  in  the  observed  defect 
structure  with  the  introduction  of  a  large  number 
of  threading  dislocations  [2,3|.  Various  schemes 
have  been  proposed  in  the  literature  that  link  the 
formation  of  threading  dislocations  with  island 
growth  and  coalescence  (1.2.4],  Recently,  experi¬ 
mental  work  on  In  ,Ga|  ^ ,  As/GaAs  at  low  levels 
of  mismatch  strain  (Sa/a<l.4%)  point  to  be¬ 
nefits  obtained  in  terms  of  defect  reduction  by 
growth  on  pre-patterned  substrates  [3.5.6],  How¬ 
ever.  this  development  appears  to  be  beneficial 
only  in  the  layer-by-layer  growth  regime,  with  no 
significant  differences  being  observed  between 
patterned  and  non-patterned  regions  once  the  mis¬ 


match  strain  is  high  enough  for  3D  island  growth 
to  commence  [3],  Provided  one  can  maintain  a 
layer-by-layer  mode  of  growth  even  at  high  values 
of  mismatch  strain,  one  might  expect  defect  reduc¬ 
tion  from  patterning.  Additionally,  a  layer-by-layer 
growth  mode  produces  smoother  interfaces  -  a 
necessity  for  interface  sensitive  devices  such  as 
resonant  tunnelling  diode  (RTD)  structures.  For 
these  reasons,  our  recent  efforts  have  fix;ussed  on 
preserving  a  2D  layer-by-layer  growth  mode  even 
for  highly  mismatched  In  ^Ga,  ^  As  on  GaAs  (100) 
by  controlling  the  attendant  growth  kinetics.  Ini¬ 
tial  stages  of  InAs/GaAs  growth  have  been  studied 
earlier  by  a  variety  of  techniques  [7-9],  In  particu¬ 
lar.  transmission  electron  microscopy  (TEM)  is  a 
very  powerful  tool  in  studying  the  initial  stages  of 
growth  and  defect  formation.  Cross-section  trans¬ 
mission  electron  microscopy  (XTEM)  has  been 
used  earlier  in  studying  highly  strained  thin 
InAs/GaAs  layers  [10,11].  A  study  of  the  early 
stages  of  InAs/GaAs  growth  has  been  carried  out 
by  Glas  et  al.  [12],  where  they  have  analysed 
different  stages  of  growth  under  fixed  growth  con¬ 
ditions.  In  our  case,  the  aim  has  been  more  in 
terms  of  varying  the  growth  parameters  and  ob- 
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serving  its  effects  on  a  fixed  amount  of  growth. 
We  present  below  the  results  of  some  TEM  studies 
in  this  regard. 

2.  E.xperimental 

Samples  were  grown  by  molecular  beam  epi¬ 
taxy  (MBE)  in  a  Riber  32P  system.  Following 
growth  of  a  suitable  GaAs  buffer  layer  on  GaAs 
(100),  In^Ga,  ,As  (.x  =  C.33  and  0.5)  layers  with 
thicknes.ses  between  7  monolayers  (ML)  and  15 
ML  were  grown  on  different  substrates  at  sub¬ 
strate  temperatures  of  420  to  520  °C  and  at  group 
V  to  group  III  incorporation  rate  ratios  of  1.5  to 
5.0.  The  grow'th  rate  of  In^Ga,  _<As  was  kept  at 
0.25  ML/s  unless  otherwise  mentioned.  In  some 
samples  the  In  ,Ga,  „ ,  As  growth  was  covered  by  a 
2  ML  Ga.As  cap  deposited  at  0.125  ML/s.  Planar 
and  cross-section  samples  for  transmission  elec¬ 
tron  microscope  (TEM)  studies  were  prepared  by 
mechanical  polishing  followed  by  Ar  ion  thinning. 
TEM  studies  were  carried  out  in  a  Philips  420T 
microscope  at  120  kV.  High  resolution  electron 
microscope  observations  were  carried  out  in  an 
Akashi  EM-002B  microscope  at  200  kV'. 

3.  Results  and  discussion 

Let  us  begin  with  the  results  on  two  samples 
each  with  11  ML  ln„<Ga,,5As  followed  by  2  ML 
of  GaAs  cap  grown  at  475 '’C  (sample  1)  and 
420 °C  (sample  2).  respectively.  The  group  V  to 
group  III  incorporation  rate  ratio  in  both  cases 
was  1.5.  The  RHEED  patterns  at  the  end  of  GaAs 
cap  growth  are  shown  as  insets  in  figs.  1  and  3. 
Additionally,  for  (1)  the  pattern  had  turned  metal 
stabilized  after  about  7.5  ML  of  lni,sGai|,iAs 
growth  with  the  appearance  of  quarter  order 
streaks  which  subsequently  vanished  during  the 
GaAs  cap  growth. 

Fig.  lA  shows  a  TF.M  (200)  dark  field  cro.s.s- 
section  image  of  sample  (1).  As  expected  from  the 
spotty  RHEED  pattern,  one  observes  the  forma¬ 
tion  of  large  islands  (typically  240  to  4(X)  A  wide 
and  55  to  1(K)  A  high).  The  compositional  contrast 
obtained  from  the  (2(K))  image  clearly  shows  the 


islands  joined  laterally  by  a  thin  (about  6  ML) 
InGaAs  layer,  suggesting  a  Stranski-Krastanov 
growth  mode.  Fig.  IB  is  a  (400)  dark  field  cross- 
sectional  image  in  which  the  white  patches  in  the 
substrate  below  each  island  are  strain  contrast 
contours  indicating  deformation  of  the  (100) 
planes  below  each  island  and  implying  a  normal 
force  exerted  by  the  island  on  the  substrate  region 
below  it.  These  strain  fields  are  observed  to  extend 
to  about  200  to  250  A  into  the  substrate  below  the 
interface.  Similar  deformations  have  been  ob¬ 
served  recently  by  Eaglesham  and  Cerullo  for  the 
Ge/Si(100)  system  [13],  Figs.  2A-2C  are  dark 
field  micrographs  of  a  set  of  islands  taken  with 
different  g=  {022}  vectors  in  plan  view  (i.e.  the 
electron  beam  is  normal  to  the  growth  plane).  One 
observes  a  large  number  of  islands  exhibiting  a 
pair  of  bright  and  dark  contrast  lobes  adjacent  to 
one  another.  The  bright-dark  contrast  switches  on 
reversing  g  (compare  figs.  2A  and  2B)  and  the  line 
of  demarcation  between  the  bright-dark  lobes  is 
perpendicular  to  g  (compare  fig.  2B  with  fig.  20, 
The  diffraction  contrast  behaviour  observed  is 
found  to  be  consistent  with  a  symmetric  deforma¬ 
tion  of  the  {220}  lattice  planes  of  the  island  and 
the  substrate  region  adjacent  to  the  island  on 
either  side  of  the  central  axis  of  the  island.  Glas  et 
al.  observed  similar  contrast  behaviour  in  their 
TEM  studies  of  InAs/GaAs  [12]  and  inferred 
presence  of  deformations  in  the  (100)  substrate 
planes.  However,  apart  from  deformation  of  the 
substrate  planes,  one  would  expect  a  deformation 
of  the  planes  in  the  island  itself  due  to  free  expan¬ 
sion  at  its  unconstrained  lateral  edges  resulting  in 
strain  relief.  This  is  demonstrated  later  in  the 
paper.  Note  the  fringing  in  larger  islands  (lateral 
dimensions  >  400  A)  suggesting  a  departure  from 
coherence  in  these  islands. 

Fig.  3 A  shows  a  (200)  dark  field  cro.ss-.sectional 
image  of  sample  (2).  A  dramatic  difference  in 
growth  morphology  brought  about  by  reducing 
the  growth  temperature  to  420  °C'  is  observed. 
Unlike  sample  (1).  large  .scale  islands  are  not 
ob.served.  The  growth  front  roughness  at  the  end 
of  the  GaAs  cap  is  within  about  3  ML.  The  2  ML 
GaAs  cap  appears  to  be  discontinuously  distrib¬ 
uted  laterally  .  Fig.  3B  shows  g  =  {022}  plan  view 
dark  field  images.  One  again  observes  black/white 
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Fig.  1.  Cross-sectional  dark  field  images  showing  growth  at  475°C  of  11  ML  InosGaosAs  followed  by  a  2  ML  GaAs  cap:  (A)  image 
with  g  =  (002)  and  (B)  image  with  g  =  (004).  Inset  shows  RHEF.D  pattern  at  the  end  of  the  cap  growth. 


strain  contrast  whose  lateral  extent  indicates  the 
lateral  length  scale  of  these  islands  to  be  <  240  A, 
much  smaller  than  for  sample  (1).  The  island 


distribution  appears  to  be  about  3  times  denser 
than  sample  (1).  From  the  cross-section  image  one 
concludes  that  any  InGaAs  islands  that  are  formed 


Fig  2  Plan  view  dark  field  micrographs  with  different  g  =  (022)  reflections  showing  strain  contrast  exhibited  due  to  islands  for  11 

ML  In,)sGa„  ^  As  followed  by  2  ML  GaAs  cap  grown  al  475°  C. 
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Fig.  3.  Dark  field  micrographs  showitrg  the  growth  at  420'’C  of  11  ML  Ino  jOaosAs  followed  by  a  2  ML  GaAs  cap:  (A)  g  =  (200) 
cross-sectional  image  and  (B)  g  =  {022}  plan  view  image.  Inset  shows  RHEED  pattern  at  the  end  of  the  GaAs  cap  growth. 


on  top  of  the  uniform  InGaAs  layer  are  not  as 
well  developed  as  those  in  sample  (1)  and  are  <  3 
ML  in  height.  However,  from  the  plan  view  micro¬ 
graphs  we  find  clearly  the  presence  of  small  is¬ 
lands  indicating  a  Stransld-Krastanov  growth 


mode.  Note  also  the  presence  of  some  very  small 
features  (a  few  are  marked  by  white  arrows  in  fig. 
3B)  which  appear  near  island  edges.  We  speculate 
that  these  may  be  very  small  dislocation  loops 
appearing  at  island  edges. 


Fig.  4.  (A)  HREM  image  showing  a  coherent  and  defected  island  for  the  growth  of  7  ML  of  ln„5Ga„5As  on  GaA.s  at  520°C.  (B) 
Plot  showing  variation  of  the  (Oil)  lattice  spacing  (d„„)  with  distance  from  the  interface  dgu  is  normalized  to  the  spacing 

measured  85  A  below  interface. 
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Fig.  4A  shows  a  high  resolution  cross-sectional 
image  of  a  sample  in  which  7  ML  of  Ing  jOagsAs 
was  deposited  at  520  °C.  In  this  case  the  RHEED 
pattern  had  turned  spotty  after  3  ML  of  growth 
indicating  commencement  of  3D  island  growth. 
The  presence  of  islands  which  ^ew  to  heights  of 
-  80  A  and  widths  of  -  250  A  without  defects 
(i.e.  coherent)  and  larger  incoherent  islands  is  seen 
in  fig.  4A.  From  HREM  of  coherent  islands  we 
have  measured  the  spacing  (^/qh)  {Off} 

planes  normal  to  the  interface  as  a  function  of 
distance  from  the  interface.  The  results  are  plotted 
in  fig.  4B.  i/,„,  has  been  normalized  to  the  spacing 
( )  measured  85  A  below  the  interface  in  the 
substrate.  In  order  to  ensure  measurement  accu¬ 
racy,  29  lattice  spacings  in  the  lateral  direction 
were  averaged  to  obtain  each  ,  value.  Thus  we 
have  averaged  out  any  lateral  variation  of 
One  clearly  observes  a  relaxation  of  the  <ioii  spac¬ 
ing  in  the  islands.  This  is  a  clear  and  direct  dem¬ 
onstration  of  lateral  strain  relief  occurring  at  the 
island  edge.  For  large  islands  we  frequently  ob¬ 
serve  that  defects  appear  to  be  symmetrically  in¬ 
troduced  near  either  end  of  the  growing  island.  In 
the  defected  island  in  fig.  4A,  two  stacking  faults 
can  be  seen  symmetrically  near  either  end  of  the 
island.  These  are  likely  the  consequence  of  partial 
dislocation  half  loop  nucleation  near  the  island 
edge.  For  a  growing  island  there  will  be  stress 


concentrations  for  both  the  interfacial  shear  stress 
and  the  normal  stress  (along  a  direction  that  lies 
in  the  interfacial  plane)  components  at  the  island 
edges.  This  would  make  the  island  edge  the  most 
likely  site  for  defect  incorporation. 

Finally,  we  examine  differences  between  alloy 
growth  and  growth  of  short  period  superlattice  of 
equivalent  effective  composition.  Two  samples, 
one  containing  (InAs)„/(GaAs)„  (m  =  l  ML,  n 
=  2  ML)  and  another  containing  a  straight 
InQ  jjGau^^As  alloy,  both  grown  to  a  thickness  of 
15  ML,  are  discussed  below.  Note  that  the  SLS 
corresponds  to  an  averaged  composition  of 
In  o33Gao.67As.  Both  samples  were  grown  at 
415° C.  For  the  SLS,  the  InAs  and  GaAs  growth 
rates  were  0.23  and  0.26  ML/s,  respectively,  as 
the  As :  (In/Ga)  incorporation  rate  ratios  were  3.4 
and  3.0.  Following  deposition  of  each  cycle  (i.e.  1 
ML  InAs  and  2  ML  GaAs).  there  was  an  interrup¬ 
tion  of  60  s  under  AS4  flux.  For  the  straight  alloy, 
the  In  flux  was  kept  the  same  as  the  SLS  and  the 
Ga  flux  was  increased  to  obtain  an  Ino,33Gao(,7As 
composition  with  a  resulting  growth  rate  of  0.69 
ML/s.  The  group  V  to  group  111  ratio  in  this  case 
was  2.3.  At  the  end  of  growth,  the  RHEED  pat¬ 
tern  from  the  SLS  structure  had  turned  to  a 
“stubby"  pattern  (similar  to  inset  in  fig.  3)  while 
for  the  straight  alloy  the  pattern  had  remained 
streaky  throughout.  Fig.  5A  shows  a  plan  view 


Fig.  5.  Plan  view  (022)  dark  field  micrographs  showing:  (A)  the  5  period  (InAs),n,i /(GaAsfj^,,  SLS  growth;  (B)  15  ML 

tno  ,,Gao67As  growth. 
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dark  field  micrograph  of  the  SLS  sample.  Typical 
island  contrast  of  the  type  exhibited  in  fig.  2  is 
observed.  The  lateral  dimensions  of  the  islands 
vary  from  150  to  180  A.  No  defects  are  observed. 
Fig.  5B  is  a  dark  field  plan  view  micrograph 
showing  the  Ino33Gao.67As  alloy  growth.  The 
growth  morphology  appears  to  be  quite  different 
from  the  SLS  case.  The  strain  contrast  effects 
appear  on  a  much  larger  length  scale  (400  to  1400 
A).  The  TEM  observations  are  consistent  with  the 
presence  of  islands/ clusters  that  are  relatively  flat 
and  have  the  above-mentioned  lateral  dimensions. 
Such  flat  and  large  islands  are  also  consistent  with 
the  observation  of  a  streaky  RHEED  pattern. 
From  the  dark  field  micrographs,  the  lateral  strain 
fields  appear  to  extend  to  about  150  A.  Again,  no 
defects  are  observed.  It  should  be  mentioned  here 
that  we  have  recently  been  able  to  grow  the  SLS 
structure  to  thicknesses  of  18  ML  in  a  smooth 
layer-by-layer  fashion  by  lowering  the  substrate 
temperature  to  425  "C  [14]. 


4.  Conclusions 

In  conclusion,  we  have  carried  out  TEM  studies 
of  the  initial  stages  of  MBE  growth  of  highly 
strained  lnjGa,_,As  (x  =  0.33  and  0.5).  Under 
the  operative  growth  rate  and  AS4  overpressure, 
we  observe  a  drastic  reduction  in  the  extent  of 
islanding  for  the  growth  of  Iny  jGays  As  by  reduc¬ 
ing  the  growth  temperature  from  475  to  420  °C. 
We  present  evidence  for  strain  relief  at  island 
edges  and.  in  a  large  number  of  cases,  find  defects 
generated  near  island  edges.  Finally,  we  compare 
the  growth  of  a  5  period  (lnAs),ML/(GaA.s)2ML 
SLS  (resulting  in  an  average  composition  of 


Iny  jjGa,,  (,7As)  with  that  of  a  straight 
InyjjGay^iyAs  alloy  grown  to  the  same  thickness 
and  find  clear  morphological  differences  between 
the  two. 
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Electrooptic  effects  of  piezo-electrically  strained  AlGaAs/GaAs(lll) 
quantum  wells 

S.M.  Shank  and  G.W.  Wicks 

The  Insiiiute  of  Optics.  University  of  Rtu'hester,  Rochester.  Sew  York  14627.  USA 


The  electrooplic  effects,  eleciroabsorption  and  ihe  eleciric  field  induced  change  in  birefringence  (electrobirefringence),  have  been 
measured  in  100  A  (111)  and  (100)  GaAs/AIGaAs  quantum  wells.  It  is  determined  that  electrobirefringence  at  X  =  1.06  gm  is  43T 
larger  in  (111)  quantum  wells  than  in  (100)  oriented  wells.  The  primarv'  cau.se  of  this  increased  electrobirefringence  of  (111)  oriented 
wells  is  the  anisotropy  of  the  effective  mass  of  the  heavy  holes.  The  increased  effective  mass  of  the  heavy  hole  in  the  (111)  direction 
causes  a  larger  quantum  confined  Stark  effect,  which  causes  larger  electrobirefringence.  A  mass  anisotropy  for  light  holes  is  also 
observed.  A  second  effect,  the  converse  piezo-electric  effect  (electric  field  induced  strain),  exists  in  the  (111)  wells,  and  is  an 
additional  contribution  to  the  difference  between  the  electrooptic  effects  of  the  two  orientations.  The  electric  field  dependent  strain 
of  the  (111)  wells  shifts  the  exciton  absorption  features,  as  does  the  quantum  confined  Stark  effect.  Unlike  the  quantum  confined 
Stark  effect,  however,  the  electrooptic  effects  induced  by  the  converse  piezo-electric  effect  should  be  dependent  on  the  .sign  of  the 
electric  field.  This  dependence  of  the  electrooptic  behavior  on  the  sign  of  the  electric  field  has  been  observed  in  ( 1 1 1 )  quantum  wells. 


1.  Introduction 

Electrooplic  effects  in  GaAs/AlGaAs  quantum 
wells  are  of  importance  due  to  their  potential  for 
efficient  electrooplic  devices.  There  is  interest  as 
well  in  the  investigation  of  fundamental  effects 
that  occur  in  this  material  system.  The  quantum 
confined  Stark  effect  (QCSE)  is  the  basic  driving 
mechanism  for  many  useful  electrooplic  effects  of 
quantum  wells,  and  has  been  thoroughly  studied 
for  epitaxial  growth  along  the  [100]  crystal  direc¬ 
tion  (1).  Intensity  and  phase  modulators  have  been 
proposed  and  demonstrated  using  the  electroab- 
sorptive  and  electrorefractive  properties  of  the 
QCSE  [2,3].  Another  important  electrooplic  effect 
is  the  electric  field  induced  change  in  birefrin¬ 
gence,  which  is  termed  electrobirefringence  in  this 
report.  Electrobirefringence,  which  can  be  used  to 
electrically  control  the  rotation  of  the  optical 
polarization,  is  caused  by  a  difference  in  the  elec¬ 
trorefraction  of  perpendicular  polarizations.  Elec¬ 
trobirefringence  in  GaAs/AlGaAs  quantum  wells 
has  been  previously  investigated  in  (100)  quantum 
wells  [4j.  It  was  found  that  the  magnitude  of  the 


electrobirefringence  at  a  wavelength  of  1.1523  jam 
is  approximately  equal  to  that  of  bulk  GaAs. 

Two  studies  have  examined  electrooplic  effects 
of  GaAs/AlGaAs  lattice  matched  epitaxial  growth 
along  the  [111]  crystal  direction.  It  has  been  ex¬ 
perimentally  shown  that  the  electric  field  induced 
shift  of  the  n  =  1  heavy  hole  to  electron  transition 
(hhl-el)  is  greater  for  (111)  quantum  wells  than 
for  (100)  wells  [5].  It  has  also  been  shown  that  the 
energy  separation  between  the  n  —  1  light  hole 
transition  (Ihl-el)  and  that  of  the  heavy  hole 
(hhl-el)  transition  is  larger,  and  the  heavy  hole 
transition  oscillator  strength  is  greater,  in  (111) 
quantum  wells  [6].  Both  experiments  imply  a  heavy 
hole  mass  anisotropy,  m*h[lll]/m*h[1001  =  2.65. 

Electrobirefringence  is  primarily  dependent  on 
the  rate  of  energy  shift  of  the  hhl-el  transition 
and  is  less  influenced  by  the  shift  of  the  Ihl-el 
transition.  This  is  due  to  the  fact  that  the  dif¬ 
ference  between  the  electrorefraction  of  two  per¬ 
pendicular  polarizations  is  related  to  these  polari¬ 
zations’  absorption  coefficients  through  the 
Kramers-  Kronig  equation.  The  absorption  coeffi¬ 
cients  for  light  polarized  parallel  to  the  plane  of 
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the  quantum  well,  art;.  ^**‘1  perpendicular  to  the 
plane,  0^^.  are  used  to  define  the  birefringence 
through  the  relation 

‘  o /■“- [-^“th(w'-  -‘iarM(w',  V )\  d<o' 

(1) 

The  selection  rules  in  quantum  wells  are  such  that 
the  Ihl-el  transition  affects  both  ^ian;  and  .iaiM- 
however  hhl-el  affects  only  iiart-  Thus  the  in¬ 
tegrand  in  (1)  and  the  electrobirefringence  are 
dominated  by  the  heavy  hole  exciton  feature.  The 
heavy  hole  mass  anisotropy  should  therefore  be  a 
dominant  influence  on  the  crystal  orientation  de¬ 
pendence  of  the  electrobirefringence. 

There  have  also  been  several  studies  on  electro¬ 
optic  effects  in  strained  quantum  wells.  It  has 
been  theoretically  shown  that,  compared  with  that 
of  a  lattice  matched  (111)  Ga„47ln,i:.iA.s/ 
Al„4sln„,;As  quantum  well,  the  hhl-el  transi¬ 
tion  of  a  lattice  mismatched  (111)  Ga„47ln|,;i>As/ 
Al„-,,In,i  ,„.As  quantum  well  shifts  more  rapidly 
with  an  applied  electric  field  [7],  This  is  caused  by 
an  internal  piezo-electric  field,  which  occurs  only 
in  the  mismatched  [111]  direction,  due  to  the 
direct  piezo-electric  effect  [8].  The  strain  induced 
piezo-electric  field  has  been  experimentally  ob¬ 
served  in  (111)  strained  layer  GalnAs  quantum 
wells  on  GaAs  substrates  [9.101.  In  either  lattice 
matched  or  mismatched  quantum  wells  grown  on 
a  (111)  substrate,  a  related  effect,  the  converse 
piezo-electric  effect,  must  occur  [8),  but  has  not 
previousK  been  reported.  The  converse  effect  pro¬ 
duces  an  internal  strain  in  response  to  an  exter¬ 
nally  applied  electric  field  along  a  piezo-electric 
direction,  e.g,  [111].  This  electric  field  induced 
strain  will  influence  the  electronic  and  optical 
properties  of  the  crystal  a.s  would  anv  other  lyre 
of  strain,  such  a.s  strain  caused  by  ext  ernal  forces 
or  by  mismatched  epitaxy.  The  converse  piezo¬ 
electric  effect  will  occur  in  both  lattice  mis¬ 
matched  as  well  a.s  lattice  matched  material.s.  how¬ 
ever  it  does  not  occur  for  electric  fields  applied 
along  a  [100]  direction.  Although  the  direct  piezo¬ 
electric  effect  in  GaAs  quantum  wells  has  been 


reported,  this  is  the  first  report  of  the  converse 
piezo-electric  effect  in  III-V  quantum  wells. 

This  report  demonstrates  that  the  heavy  hole 
mass  anisotropy  and  the  converse  piezo-electric 
effect  cause  the  electrobirefringence  in  (111)  Al- 
GaAs/GaAs  quantum  wells  to  be  enhanced  over 
that  of  (100)  wells.  This  is  the  first  experimental 
study  to  compare  the  electrobirefringence  of  (100) 
and  (111)  quantum  wells. 


2.  Experimental  procedure 

The  samples  examined  in  this  study  consisted 
of  two  100  A  GaAs  wells  centered  in  the  cores  of 
leaky  waveguides  with  AlGaAs  cladding  layers 
[11].  The  structures  were  grown  simultaneously  by 
MBE  on  pairs  of  (100)  and  (11])B  substrates.  The 
growths  occurred  at  temperatures  of  620-650  °C 
with  Asj/Ga  beam  equivalent  pressure  ratios  of 
34-44.  The  devices  are  contacted  by  etched  mesas 
with  50  jam  stripe  widths.  Light  at  \  =  1.06  fim 
from  a  Nd-YAG  laser  is  endfired  into  the  leaky 
waveguide.  Interaction  of  the  quantum  wells  with 
only  the  lowest  order  mode  of  the  waveguide  is 
assured  by  the  leaky  waveguide  structure.  The 
incident  polarization  is  at  an  angle  45°  to  both 
the  growth  axis  and  the  plane  of  the  quantum 
wells  so  that  propagation  is  allowed  for  the  lowest 
order  TF.  and  TM  waveguide  modes.  The  trans¬ 
mitted  light  is  elliptically  polarized  due  to  the 
birefringence  of  the  sample.  The  Iran.smitted  light 
passes  through  an  analyzer  and  is  incident  on  a 
silicon  phottxiiode  operated  with  synchronous  de¬ 
tection.  The  magnitudes  of  the  major  (a)  and 
minor  ( h )  a.xes  and  the  vertical  (al )  and  horizontal 
(a2)  components  of  the  ellip.se  are  measured  as  a 
function  of  applied  dc  voltage  across  the  quantum 
wells.  The  orientation  («)  of  the  major  axis  of  the 
ellipse  relative  to  the  horizontal  axis  is  determined 
by 

2a,a^  cos  <6 

tan(2a)  =  — V - .  (2) 

and  its  phase  {tj>)  by 

sin  <f>  =  ah/a^ti 2-  (3) 


442 


S.M.  Shank,  G.W.  Wicks  /  Electrooptic  effects  of  piezo-electncally  strained  AlGoAs  /  GaAsi  11 1 }  QWs 


where  phase  is  defined  by  the  electric  field  vector 
of  the  transmitted  light. 

E(.x.  i  )  =  a,  cos(a)/).?  +  cos(a)r  +  <>)  V-  (4) 

Fig.  1  shows  a  typical  ellipse  measurement.  TTte  x 
and  y  components  of  eq.  (4)  are  plotted  at  0  and 
-15  V.  The  electrobirefringence  is  given  by 

Juit.(F)  -  ^  (5) 

Three  waveguide  lengths  of  each  orientation.  (100) 
and  (lll)B.  were  examined,  and  electrobirefrin¬ 
gence  determined. 

The  measured  electrobirefringence  as  a  func¬ 
tion  of  applied  voltage  is  shown  in  fig.  2.  The 
figure  shows  that  the  electrobirefringence  at  a 
reverse  bias  of  10  V  is  43^  larger  in  the  (111) 
quantum  wells  than  in  the  (100)  wells.  This  in¬ 
crease  is  comparable  to  the  29%  increase  in  the 
energy  shift  of  the  n  =  1  heavy  hole  transition  in 
(111)  wells  measured  by  Kajikawa  et  al.  (5). 

The  electrobirefringence  data  shown  in  fig.  2 
were  taken  from  samples  grown  at  620  °C  with  an 
■Asj/Ga  beam  equivalent  pressure  ratio  of  34.  The 
(111)  samples  exhibited  very  broad  exciton  ab¬ 
sorption  features  which  became  unre.solveable  at  a 
reverse  bias  of  5  V.  Samples  grown  at  650  °C  with 
a  beam  equivalent  pressure  ratio  of  44  had  .sharp 
exciton  features  for  both  (100)  and  (111)  struc¬ 
tures  beyond  -  15  V.  De.spite  these  differences  in 
the  exciton  absorption  features,  the  elec'robire- 


E^(arb.  units) 

Fig,  1  Measured  polarization  ellipse.s  of  Iraasmilted  light 
through  waveguide  for  a  ( 1 1 1 )  quantum  w'ell.  \  and  y  compO' 
nents  of  the  ellipse  are  plotted  at  0  and  -  15  V. 


I 

I 
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Fig-  2.  Electrobirefringence  data  for  (100)  and  (111)  quantum 
wells.  Data  arc  fit  linearly. 


fringence  was  the  same  as  the  samples  with  broad 
excitons. 

The  converse  piezo-electric  effect  was  examined 
in  three  sample  geometries,  two  (lll)'s  and  one 
(100).  The  (111)  samples  were  designed  to  be 
identical  except  for  the  sign  of  the  applied  electric 
field.  The  first  (111)  sample  is  identical  to  the 


Fig.  y.  F.nergv  level  shifl.s  for  (ItX)).  (lll)A.  and  (lll)B  quan¬ 
tum  wells.  Quadratic  fils  of  electroabsorption  and  phoUxur- 
rent  data  of  three  samples  for  each  sample  geometrs. 
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(111)  sample  used  to  measure  electrobirefringence. 
An  applied  reverse  bias  on  this  diode  is  in  the 
(111]A  direction.  A  reverse  bias  on  the  second 
(111)  diode  produces  an  electric  field  in  the  [111 IB 
direction.  The  third  sample  is  grown  on  a  (100) 
substrate  and  thus  has  an  electric  field  produced 
by  a  reverse  bias  in  a  (100)  direction.  Fig.  3  shows 
the  energy  level  shift  versus  applied  voltage  for  the 
hhl-el  and  Ihl-el  transitions  for  samples  1.  2. 
and  3.  For  each  sample  geometry,  three  samples 
were  measured.  Photocurrent  and  electroabsorp¬ 
tion  spectroscopies  were  used  to  measure  the  en¬ 
ergy  levels  of  the  two  transitions  as  a  function  of 
applied  voltage. 

3.  Discussion 

Several  predominant  features  standout.  The 
heavy  hole  transition  of  both  (111)  samples  red 
shifts  faster  than  the  (100)  sample.  Since  the  rate 
of  electrical  field  induced  shift  of  the  energy  of  a 
quantum  well  transition  is  roughly  proportional  to 
effective  mass  (12|.  this  observation  can  be  e.x- 
plained  by  the  effective  mass  anisotropy  of  the 
heavy  hole,  as  previously  mentioned. 

•Additionally,  the  Ihl-el  transition  of  sample  1 
red  shifts  as  fast  as  the  hhl  -el  transition  of  the 
(100)  sample.  Since  the  effective  masses  are  quite 
different,  =  0.34  and  =  0.094  [13J. 

'his  behaviour  is  not  e.xpected.  One  possible  ex¬ 
planation  could  be  that  the  thickness  of  the  (111) 
quantum  well  is  thicker  than  that  of  the  (100)  well. 
Since  the  rate  of  energy  level  shift  is  proportional 
to  the  well  thickness  to  the  fourth  power  (IZ).  this 
would  account  for  both  the  heavy  hole  and  light 
hole  transitions  shifting  faster  for  sample  1  than 
for  sample  3.  Using  measured  zero  volt  energy 
levels  and  a  finite  square  well  model,  the  well 
width  difference  between  samples  1  and  3  is  1  A. 
This  difference  will  not  cau.se  such  an  effect.  Also, 
the  samples  were  grown  at  the  same  time,  and 
although  one  might  imagine  slightly  different  gal¬ 
lium  desorption  rates  for  (111)  and  (100)  sub¬ 
strates.  a  large  difference  in  quantum  well  width 
seems  unlikely.  We  therefore  conclude  that  any 
difference  in  the  well  thickne.s.ses  of  the  two  sam¬ 
ples  is  not  large  enough  to  explain  the  above 


observations.  It  is  therefore  proposed  that  the 
converse  piezo-electric  effect,  which  operates  in 
the  (111)  samples,  enables  the  Ihl-el  (111)  transi¬ 
tion  to  shift  as  fast  as  the  hhl-el  (100)  transition. 
The  strain  which  results  from  converse  piezo-elec¬ 
tricity  can  affect  the  electrooptic  properties  of 
quantum  wells  in  two  different  ways.  Strain  can 
directly  shift  the  valence  band  edges  [14].  Ad¬ 
ditionally.  strain  alters  the  effective  ma.sses  of  the 
light  and  heavy  holes  [14],  which  will  substantially 
influence  the  QCSE  and  its  resultant  electrooptic 
properties. 

Also  seen  in  fig.  3  is  an  anisotropy  between  the 
energy  level  shifts  for  ( 1 1 1 )  samples  1  and  2.  Since 
the  quantum  confined  Stark  effect  is  not  sensitive 
to  the  sign  of  the  electric  field,  this  observation 
must  also  be  attributed  to  the  converse  piezo-elec¬ 
tric  effect. 


4.  Conclusion 

The  magnitude  of  electrobirefringence  has  been 
determined  for  (111)  quantum  wells,  and  it  has 
been  shown  that  at  an  applied  reverse  bias  of  10 
V.  there  is  a  43f  increa.se  from  that  of  (100) 
quantum  wells.  This  makes  the  [111]  crystal  direc¬ 
tion  attractive  for  electrooptic  device  applications. 
An  introductory  study  of  the  converse  piezo-elec¬ 
tric  effect  and  its  effects  on  the  optical  and  elec¬ 
tronic  properties  of  quantum  wells  has  also  been 
presented. 
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AI,|4,In„,,As  lattice  matched  to  IttP  and  grown  by  MBEover  a  temperature  range  of  250  to  100°C  and  under  an  Asj  pressure 
of  1  X  10  to  2  X  10  “  ^  Torr  has  been  investigated.  Over  this  temperature  range  of  250  to  100  °  C.  resistivity  decrea.ses  from  2X10^  to 
X  10'’  il  cm  while  photoluminescence  intensity  decreases  by  two  orders  of  magnitude.  Resistivity  showed  little  sensitivity  to  change 
in  Asj  overpressure  over  the  range  investigated.  Single  cry.stal  samples  grown  in  the  range  of  100  to  150“C  showed  nonstochiometric 
excess  As  of  up  to  1.4?  as  determined  by  secondary  ion  mass  spectrometry,  and  lattice  expansion  of  0.1%  as  determined  by  X-ray 
diffraction.  Samples  grown  at  temperatures  greater  than  200“ C  showed  no  excess  As  or  lattice  expansion. 


1.  Introduction 

Ga,i47ln„j,As  and  Aln4xln„s2^s  lattice 
matched  to  InP  are  extremely  useful  for  high-speed 
electronic  and  optical  devices  [1,2],  Device  appli¬ 
cations  often  require  high  resistivity,  low  lifetime 
material  to  act  as  buffers  for  electrical  isolation 
and  reduction  of  backgating  and  sidegating  [3-5J. 
It  has  been  demonstrated  that  these  characteristics 
can  be  obtained  using  lattice  matched  materials 
grown  at  temperatures  substantially  below  those 
of  normal  growth  conditions  [3-5].  We  have  in¬ 
vestigated  the  properties  of  low  temperature  (LT) 
Al||4^1n|, ,,  (AllnAs)  material  lattice  matched  to 
InP.  grown  by  molecular  beam  epitaxy  (MBE)  and 
investigated  as  a  function  of  growth  temperature 
(100  to  250  °0  and  arsenic  overpressure.  AS4 
(1  X  10  ^  to  2  X  10  '  Torr).  This  LT  AllnAs  has 
been  evaluated  using  resistivity  and  breakdown 
voltage  measurements,  photoluminescence  (PL) 
intensity.  X-ray  diffraction,  and  secondary  ion 
mass  spectrometry  (SIMS). 

2.  Experiment 

The  epitaxial  layers  were  grown  in  a  Riber-2300 
and  Perkin-Elmer  PHI-430  equipped  with  a  3  inch 
rotating  substrate  heater.  Substrate  temperatures 


and  beam  equivalent  pressures  were  .set  with  a 
thermocouple  and  ion  gauge.  The  growth  rate  was 
6(X)nm/h.  The  native  oxide  of  the  InP  surface  was 
desorbed  at  approximately  500  °C  under  an  AS4 
overpressure  where  the  desorption  point  was  de¬ 
termined  by  reflection  high-energy  electron  dif¬ 
fraction  (RHEED)  patterns.  Specific  details  of  the 
growth  of  AllnAs  at  normal  temperatures  (500  °C) 
are  described  el.sewhere  [6],  During  the  low  tem¬ 
perature  growth  of  AllnAs  for  these  experiments, 
an  AS4  overpressure  was  maintained  during  all 
substrate  temperature  ramps  between  low  temper¬ 
ature  and  normal  temperature  growths  -  there 
was  no  interruption  of  Asj  overpressure.  All  sam¬ 
ples  grown  are  single  crystal  as  determined  by 
RHEED  patterns  and  X-ray  diffraction  unless 
otherwise  stated.  Figs,  la-c  show  the  sample  pro¬ 
files  grown  to  evaluate  LT  AllnAs  resistivity  and 
breakdown  voltages  (fig.  la).  PL  and  X-ray  dif¬ 
fraction  (fig,  lb),  and  SIMS  (fig.  Ic). 


3.  Results 

J.l.  Resistivity  /  breakdown  voltage 

It  has  been  reported  that  low  temperature 
growth  of  GaAs  enhances  both  its  resistivity  and 
breakdown  characteristics  [4,5].  We  wanted  to  de- 
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GalnAs  n  =  1x1o’'  300  nm 

LT  AHnAs  UNOOPED  500  nm 

GalnAs  n  =  1x1o"  300  nm 

mPSUBSTOATE _ 

a.  Resisttvity/brsakdown  prolila 

LT  AIInAs  UNOOPEO  500  nm 

mP  SUBSTRATE _ 

0.  PUX-ray  prolile 

AIInAs  UNDOPED  200  nm 

LT  AIInAs  UNDOPED  200  nm 

AIInAs  UNDOPEO  300  nm 

InP  SUBSTRATE _ 

c.  SIMS  prolila 


d.  Rasislivity/braakdown  davica 

Fig.  1  Film  profiles  for  measurement  of  (a)  reistisity/ 
breakdown  voltage,  (b)  PL  and  X-ray.  <c)  SIMS,  and  <d)  device 
structure  for  measurement  of  resistivity /breakdown  voltage. 


termine  whether  this  was  also  true  for  LT  AIInAs. 
We  initially  attempted  to  measure  the  resistivity  of 
LT  AIInAs  films  using  the  structure  in  (fig.  lb)  by- 
utilizing  a  conventional  Hall  measurement  tech¬ 
nique.  but  found  that  the  resistivity  measurements 
were  limited  to  values  of  less  than  10-’  12  cm 
because  of  the  parallel  conduction  path  of  inter¬ 
face  states  at  the  AlInAs-InP  interface  (7).  We 
therefore  grew  the  structure  shown  in  fig.  la  in 
which  the  resistivity  can  be  determined  by  measur¬ 
ing  the  /-V  characteristics  in  a  serial  (top  to 
bottom)  fashion,  thereby  eliminating  the  effect  of 
interface  parallel  conduction.  This  structure  also 
offers  the  advantage  of  determining  the  break¬ 
down  voltage  of  the  LT  AIInAs.  The  structure 
used  to  make  this  measurement  is  shown  in  fig. 
Id.  The  LT  AIInAs  was  500  nm  thick  and  differ¬ 


ent  samples  were  grown  over  a  temperature  range 
of  100  to  250  °  C  and  under  an  AS4  pressure  range 
of  1  X  10“*  to  2  X  10~*  Torr.  The  LT  AIInAs  was 
sandwiched  between  GalnAs  contact  layers  which 
were  heavily  Si  doped  (1  X  10'*  cm”^)  and  grown 
at  500  “  C  to  produce  ohmic  contact  to  the  metalli¬ 
zation  while  adding  negligible  resistance  to  the 
/-  V  measurement.  Positive  resist  lithography  was 
performed  to  open  a  dot  pattern  for  the  top  con¬ 
tact  (area  =  8  X  10“*  cm^),  Ti/Pt/Au  (50  nm/50 
nm/50  nm)  was  evaporated,  and  the  resist  lifted 
off  in  a  solvent  soak  to  produce  a  dot  pattern.  A 
mesa  etch  was  performed  (citric  acid-hydrogen 
peroxide-water-phosphoric  acid)  using  the  metal 
dot  as  a  mask,  resulting  in  the  undercut  profile 
shown  in  fig.  Id.  A  blanket  evaporation  of 
Ti/Pt/Au  (50  nm/50  nm/150  nm)  was  per¬ 
formed  to  form  the  bottom  contact,  self  aligned  to 
the  top  contact  and  electrically  isolated  from  it 
due  to  the  undercut  of  the  mesa  etch.  The  sample 
was  annealed  in  forming  gas  at  300  °  C  for  1  min. 
Table  1  shows  the  results  of  both  resistivity  and 
breakdown  as  a  function  of  growth  conditions. 
The  resistivity  increases  from  2.7  x  10*’  to  2.0  x 
lO’  12  cm  over  the  temperature  range  of  100  to 
250  °C  with  a  breakdown  voltage  in  the  range  of 
13-15  V  which  results  in  a  breakdown  field  of 
(2.6-3.0)  X  10^  V/cm.  A  control  sample  was 
grown  in  which  the  AIInAs  was  grown  under 
normal  growth  conditions  (500  °C)  and  it  demon¬ 
strated  a  resistivity  of  1  X  lO’  I?  cm  which  is 
equivalent  to  that  of  LT  AIInAs  grown  at  250 °C. 


Table  1 

Resistivity/breakdown  voilage  as  a  function  of  growth  temper¬ 
ature  and  Asj  overpressure 


Temperature 

(°C) 

As 

(Torr) 

P 

( cm) 

^BD 

(V) 

too 

5.0X  10  " 

2,7X10'’ 

15 

175 

5.0x10  " 

3.5X10'’ 

13 

250 

5.0x10  " 

2.0X10^ 

13 

200 

1.0x10  " 

2.2X10'’ 

13 

200 

5.0x10 

3.7x10'’ 

13 

200 

2.0x10  - 

1.1  X 10" 

11 

500 

5.0X  10 

1.6X10’ 

15 

100 

5.0x10  " 

I.OXIO" 

15 

Annealed  at  550®  C  for  1  h  before  top  GalnAs  contact. 
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Fig.  2.  Phoioluminescence  of  500  nm  AlInAs  grown  at  100.  175 
and  250 


Unlike  LT  GaAs  in  which  the  resistivity  increases 
rapidly  as  growth  temperatures  are  decreased  from 
600  to  200  °C  [5],  this  is  not  observed  for  LT 
AlInAs.  Change  in  AS4  overpressure  from  1  x  lO  * 
to  2  X  10  '^  Torr  does  not  produce  any  significant 
change  in  resistivity,  but  may  show  some  slight 
degradation  at  the  higher  AS4  levels.  No  anneals 
were  given  to  these  LT  AlInAs  films  other  than 
the  heating  to  500°  C  during  the  growth  of  the  top 
GalnAs  contact.  A  sample  grown  at  100 °C  was 
given  an  additional  anneal  of  550  °C  for  1  h  while 
under  an  AS4  overpressure  of  5  X  10  Torr.  after 
the  LT  AlInAs  growth,  but  before  the  final  GalnAs 
contact  layer,  resulting  in  the  highest  observed 
resistivity  of  1.0  x  10*  12  cm  and  showing  no 
degradation  in  breakdown  voltage. 

J.2.  Photoluminescence 

Photolumiuescence  (PL)  done  on  500  nm  of  LT 
AlInAs  grown  over  a  temperature  range  of  100  to 
250  °C  and  under  an  AS4  overpressure  of  5.)  x 
10  *’  Torr.  and  measured  at  10  K.  is  shown  in  fig. 
2.  The  sample  grown  at  100  °C  is  optically  “dead", 
showing  no  detectable  signal  above  background, 
in  addition  to  not  showing  any  PL  response  from 


the  InP  substrate  (890  nm).  RHEED  pattern  and 
X-ray  diffraction  showed  that  this  film  was  single 
crystal.  Growth  at  175  and  250  °C  show  intensity 
that  is  respective'y  one  and  two  orders  of  magni¬ 
tude  greater  than  that  of  the  100  °C  sample.  Ad¬ 
ditionally,  these  samples  do  show  signal  from  the 
InP  substrate  (890  nm).  AlInAs  grown  at  a  tem¬ 
perature  of  500  °  C  and  under  an  AS4  overpressure 
of  5.0  X  lO'*"  Torr  shows  a  peak  intensity  that  is 
lO"*  times  greater  than  that  of  the  LT  AHnAs 
grown  at  250  °  C.  Therefore,  over  the  growth  range 
of  100  to  500  °C,  the  PL  intensity  response  in¬ 
creases  by  approximately  six  orders  of  magnitude, 
illustrating  that  electron- hole  recombination  in 
AlInAs  is  extremely  sensitive  to  growth  tempera¬ 
ture. 

S.3.  SIMS  and  X-ray 

It  has  been  reported  that  LT  GaAs  exhibits 
nonstoichiometric  excess  quantities  of  As.  with 
samples  that  are  grown  at  200  °C  showing  excess 
As  on  the  order  of  1.0%  as  determined  by  Auger 
[5]  and  X-ray  diffraction  [8].  We  have  investigated 
this  effect  by  using  SIMS,  from  the  structure 
shown  in  fig.  1C.  Because  this  is  a  relative  mea¬ 
surement  (small  changes  in  As  concentration),  the 
LT  AlInAs  is  sandwiched  between  AlInAs  grown 
at  normal  temperatures  (500  °C).  so  that  the 
change  in  As  can  be  observed  at  the  two  inter¬ 
faces.  The  SIMS  was  performed  in  a  Cameca  4f 
SIMS  instrument,  detecting  As  negative  sec¬ 
ondaries,  and  using  a  14.5  keV  Cs  primary  beam 
with  a  current  of  3.5  x  10“*'  A  and  a  raster  of  250 
gm.  A  large  signal  level  was  obtained  (greater 
than  5  X  10^  per  channel)  allowing  statistically 
measurable  variations  in  the  As  signal  of  0.2%. 
Fig.  3  shows  the  resultant  profile  for  growth  at 
140  °C,  which  exhibits  excess  As  of  1.2%.  Table  2 
shows  the  excess  As  as  a  function  of  growth 
temperature.  The  spread  in  temperature  range  is 
due  to  spread  in  temperature  calibration  between 
the  two  MBE  systems  used  (Riber-2300  and  PHI- 
430)  for  these  sample  growths,  with  the  resultant 
excess  As  values  averaged  over  several  samples  in 
a  given  temperature  range.  For  substrate  tempera¬ 
tures  below  100  °C,  the  samples  were  not  single 
cry.stal  as  determined  by  RHEED  patterns  and 
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Fig.  3.  Secondar\  ion  mass  specirometn  profile  of  As  in 
AlInA.s  grown  at  500  and  140*C- 


X-ray  double  crystal  dtffraciiort.  and  showed  ex¬ 
cess  As  greater  than  i.Q%.  X-ray  diffraction  of 
unannealed  samples  showed  no  observable  peak 
shift  due  to  the  excess  As.  but  samples  that  had 
been  annealed  at  500  °C  after  growth,  and  under 
an  Asj  overpressure  of  X  10“*  Torr  showed 
increasing  compressive  stress  for  increasing 
amounts  of  excess  As.  with  lattice  mismatch.  /. 
approaching  1  x  10 '  '  for  samples  that  maintained 
single  crystallinity.  Similar  lattice  mismatches  have 
been  seen  in  LT  GaAs  (8],  A  possible  explanation 
for  this  difference  between  annealed  and  unan¬ 
nealed  samples  may  be  because  of  the  different 
location  of  As  within  the  LT  AIInAs  as  a  result  of 
those  annealing  conditions.  It  has  been  observed 
in  LT  GaAs  that  samples  as  grown  at  200 °C 
show  As  uniformly  distributed  throughout  the 
lattice,  while  after  annealing,  large  As  precipitates 
of  10  nm  in  diameter  are  observed  by  TEM  (9|.  It 


Tiible  2 

Fxcess  A.s  and  lattice  mismatch  of  LT  AlInAs  as  a  function  of 
growth  temperature  for  an  AS4  overpressure  of  5x10  ^  Torr 


Tempcraiure 

(‘’O 

Excess  As  (SIMS) 

(T) 

/  =  Ja/u„ 

(X-ray) 

<  100 

>  .1.0 

Polv 

100-150 

1.4 

8  .1  X  10  ■’ 

150-200 

0.4 

1.2x10  “ 

200-250 

0.0 

0.0  X  10  ^ 

is  possible  that  this  change  in  As  structure  as  a 
result  of  annealing  conditions  may  produce  the 
different  X-ray  results  that  were  observed  here. 


4.  Conclusion 

LT  AIInAs  has  been  grown  over  a  temperature 
range  of  100  to  250  °C  and  AS4  overpressures  of 
1  X  10"*’  to  2  X  10"*  Torr.  Resistivity  and 
breakdown  voltage  were  relatively  constant  over 
this  temperature  range,  actually  increasing  by  one 
order  of  magnitude  from  2.7  x  lO*  to  2.0  x  10^  Q 
cm  and  then  remaining  constant  up  to  normal 
growth  temperatures  (500  °C).  AS4  overpressure 
showed  no  strong  effect  on  resistivity.  While  the 
resistivity  was  not  a  strong  function  of  growth 
temperature,  the  PL  response  was  extremely  sensi¬ 
tive  to  growth  temperature,  showing  six  orders  of 
magnitude  increases  over  a  range  of  1(X)  to  500  °C. 
Both  SIMS  and  X-ray  diffraction  mea.surements 
showed  excess  As  present  over  the  temperature 
range  of  100  to  250  °C.  with  maximum  excess  As 
of  1.4%  for  single  crystal  samples  grown  just  above 
100  “C.  Because  this  excess  As  distorts  the  lattice, 
inducing  strain,  it  may  be  possible  to  grow  single 
crystal  AIInAs  films  with  As  in  exce.ss  of  1.4%  and 
at  temperatures  less  than  100  °C.  if  the  overall 
film  thickness/strain  product  is  kept  beneath  the 
critical  level  at  which  dislocations  and  sub.sequent 
polycrystalline  growth  occur  [10]. 
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Influence  of  nonuniform  charge  distribution  in  Ino53Gao47As 
on  the  interpretation  of  dopant  incorporation 

Stefan  P.  Svensson.  W.A.  Beck,  D.C.  Martel,  P.N.  Uppal  and  D.C.  Cooke 

Martin  Marietta  Laboratories,  1450  S.  Rolling  Road,  Baltimore,  Maryland  21227,  USA 


The  electrical  properties  of  In^  sjGa  Q47AS  grown  on  full  two-inch  InP  wafers  have  been  studied.  Special  emphasis  was  placed  on 
investigations  of  the  vertical  and  lateral  uniformity  of  the  material  quality.  Using  the  Mobility  Spectrum  Technique,  a  way  of 
unambiguously  analyzing  Hall  effect  data  from  samples  with  multiple  conduction  paths,  a  conducting  substrate-epi  interface  layer 
v^a.s  found  in  some  ino53Go47As  films.  Despite  the  presence  of  the  interface  layer,  good,  vertically  uniform  mobilities  in  n-doped 
samples  were  still  measured  in  the  film.  A  large-scale  lateral  nonuniformity  in  the  sheet  resistance  was  associated  with  variations  in 
the  interface  layer.  A  1.5  fim  thick  undoped  In^  53Ga„  47AS  layer  with  an  Ino52Alo4gAs  buffer  layer  exhibited  a  77  K  mobility  of 
65.190  cmV^  s  with  no  sign  of  interface  conduction  Some  lateral  nonuniformity  in  the  sheet  resistance  similar  to  the  doped  sample 
was  still  observed,  indicating  that  the  substrate  surface  quality  still  affects  the  film  quality  to  some  degree.  However,  the  lateral 
variations  in  films  with  AUnAs  buffers  are  much  smaller  and  arc  not  expected  to  affect,  e.g.,  modulation-doped  structures. 


1.  Introducrion 

The  material  combination  of  In,,  ,,0047 As  and 
In,,  ,,  AI(|4xAs,  which  is  lattice  matched  to  InP.  is 
attracting  increased  interest  for  use  in  modulation- 
doped  field  effect  transistors  (MODFETs).  So  far, 
the  best  low-noise  transistor  results  have  been 
obtained  using  this  material  combination  [1].  In 
order  to  reach  the  same  acceptance  as  GaAs-based 
MODFETs.  the  growth  parameter  tolerances  of 
the  structures  on  InP  must  be  established.  It  should 
be  possible  to  produce  uniform,  high  quality  struc¬ 
tures  without  introducing  significantly  more 
calibration  time  or  other  preparation  work  before 
growth. 

Historically,  the  problem  with  growth  of 
In,,  .,Ga„47As  has  been  the  fact  that  it  always 
turns  out  n-type,  many  times  with  a  disappoint¬ 
ingly  low  mobility.  However,  when  looking  at 
published  growth  conditions  used  to  obtain  good 
mobilities  and  low  background  concentrations,  one 
observes  a  great  spread  in  the  data  (see,  e.g.,  refs. 
[2.3)).  A  certain  degree  of  mismatch,  particularly 
on  the  indium-rich  side,  can  also  be  accommo¬ 
dated  without  serious  degradation  of  the  film  (4- 
6],  This  is  encouraging  in  the  sense  that  the 


material  must  indeed  be  tolerant  to  wide  varia¬ 
tions  in  substrate  temperature,  flux  ratios  and 
growth  rate.  However,  the  fact  that  films  with 
good  mobilities  are  not  always  obtained  points  to 
the  existence  of  other  more  dominant  factors.  In 
this  paper  we  have  studied  the  lateral  uniformity 
of  the  sheet  resistance  across  undoped  layers,  as 
well  as  the  vertical  uniformity  through  the  film, 
and  related  these  properties  to  the  starting  sub¬ 
strate  surface. 


2.  Experimental 

All  material  in  this  study  was  grown  on  full 
two-inch  substrates  mounted  in  In-free  holders. 
Since  we  are  reporting  on  the  purity  and  uniform¬ 
ity  of  the  In(,5,GaQ47As  we  mention  for  reference 
that  thick  spacer  MODFETs  with  GaAs  channels 
grown  in  this  system  routinely  exhibit  77  K  mobil¬ 
ities  above  2(X).000  cm^  /V  •  s.  The  uniformity  of 
the  sheet  resistance  of  any  layers  grown  on  GaAs 
substrates  normally  is  excellent  and  near  the  \% 
repeatability  of  the  contactless  probe  (Tencor  M- 
Gage). 

The  growth  rate  used  was  1.5  pm/h.  Oxide 
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desorption  was  done  by  heating  the  substrate  in 
an  As  flux  such  that  the  temperature  quickly 
reached  540°C  and  then  dropped  down  to  the 
growth  temperature  of  520°C.  These  numbers  were 
obtained  with  an  optical  pyrometer,  calibrated  on 
GaAs  according  to  the  procedure  developed  by 
SpringThorpe  et  al.  [7].  The  group  V/III  beam 
equivalent  pressure  ratio  was  —  13. 

The  wafers  were  analyzed  using  X-ray  diffrac¬ 
tion,  electro-chemical  capacitance- voltage  (C-K) 
profiling  (Polaron),  and  Hall  effect  with  multi-car¬ 
rier  analysis  capability. 

The  multi-carrier  Hall  effect  analysis  technique 
plays  an  important  role  in  this  investigation  and 
will  therefore  be  reviewed  in  some  more  detail.  Its 
most  generalized  form,  the  Mobility  Spiectrum 
Technique  [8],  has  been  used  to  study  many  types 
of  materials  [8- 1 1  ]  and  is  useful  for  all  systems  in 
which  the  transverse  elements  of  the  conductivity 
tensor  can  be  described  by  a  (possibly  continuous) 
sum  of  contributions,  each  with  semi-classical 
magnetic  field  dependence,  yielding  the  expres¬ 
sions  [8]: 


r*  5(fi)dfi 
'-*1-1-  (fiBf ' 

(1) 

tiBs(ti)  dp 

1  -t-  inBf  ' 

(2) 

Here  B  is  the  magnetic  induction  (which,  for 
simplicity,  will  be  referred  to  as  the  magnetic 
field)  and  fx  is  mobility.  s((i)  is  a  positive  definite 
conductivity  density  function  that  is  assumed  to 
be  independent  of  magnetic  field  and  that  in¬ 
cludes  the  contributions  of  all  of  the  parallel  con¬ 
duction  paths. 

TTie  function  of  /r  that  is  equal  to  the  maximum 
conductivity  contribution,  and  is  consistent  with 
and  o,,  measured  at  a  finite  number  of  mag¬ 
netic  fields,  is  called  the  mobility  spectrum.  TTtis 
can  be  calculated  by  a  direct  mathematical  trans¬ 
form.  It  can  be  shown  that  if  the  sample  contains 
N  types  of  carriers,  each  with  a  single  mobility, 
then  the  mobility  spectrum  generated  from  Hall 
data  at  at  least  N  +  \  magnetic  fields  will  consist 
of  N  sharp  peaks  whose  position  and  amplitude 
correspond  to  the  correct  properties  of  the  car¬ 
riers. 


If  it  is  known  that  the  sample  contains  N  types 
of  carriers,  each  with  a  single  mobility,  then  we 
can  restrict  s(p)  to  have  the  form; 

N 

•5(m)  =  L  ■S/5(m-M,),  (3) 

1-1 

so  that  the  integrals  in  eqs.  (1)  and  (2)  collapse  to 
sums.  We  can  then  use  a  conventional  nonlinear 
least-squares  fitting  technique  to  extract  more  pre¬ 
cise  values  for  the  carrier  properties. 


3.  Results 

Data  from  two  particular  InQ53Gao.47As  films 
are  reported  on.  The  first  sample  was  1  /im  thick 
grown  directly  on  the  InP  substrate.  The  first  half 
micron  (closest  to  the  substrate)  of  this  film  was 
undoped,  and  the  second  half  micron  was  doped 
to  1  X  10’^  cm~’  using  Si.  The  other  sample  was 
1.5  ;im  thick  grown  on  top  of  a  0.25  /im  thick 
Alo52lnQ4sAs  buffer  layer. 

In  fig.  1,  we  show  three-dimensional  maps  of 
the  sheet  resistance  from  the  two  samples.  For 
InQ5,Gau47As  grown  directly  on  the  InP  substrate 
the  lateral  variations  in  the  sheet  resistance  are 
generally  significantly  larger  than  when  an  AllnAs 
buffer  layer  is  used  (in  this  case  40%  versus  10%). 
In  addition  the  pattern  of  the  variations  is  roughly 
reproduced  on  all  wafers,  indicating  a  substrate 
dependence. 

When  the  mobility  spectrum  analysis  was  used, 
the  sample  grown  without  AllnAs  buffer  was 
found  to  have  two  conducting  layers.  Without  this 
analysis  method  the  Hall  mobility  from  the  film 
would  have  been  measured  to  be  around  6500 
cm^/V  •  s  at  77  K.  Stepwise  etching  was  then 
performed  on  the  sample  to  further  demonstrate 
the  usefulness  of  the  Mobility  Spectrum  Tech¬ 
nique.  As  can  be  seen  in  fig.  2  a  single-carrier  Hall 
effect  model  leads  one  to  the  incorrect  conclusion 
that  film  quality  improves  monotonically  with 
thickness  since  the  mobility  seems  to  increase,  and 
the  doping  concentration  decrease,  away  from  the 
substrate.  This  behavior  has  been  observed  earlier 
[5,6]  (and  may  indeed  be  representative  of  the  true 
.sample  quality  in  .some  cases). 
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InGaAa  on  InP  InCaAs  on  InAlAa  on  InP 


Fig.  1.  Sheet  resistance  variations  in  two  Ino53Gao47As  layers  grown  on  InP.  The  sample  at  left  hand  is  doped.  The  sample  at  right  is 

undoped  and  also  has  an  undoped  AlInAs  buffer  layer. 


The  multi-carrier  analysis  gives  a  completely 
different  view  of  the  film  quality.  Fig.  3  shows  the 
development  of  the  mobility  spectrum  as  the  film 
surface  is  gradually  etched  away.  We  observe  (i)  a 
high-mobility  component  that  maintains  its  mobil¬ 
ity  position  but  whose  conductivity  decreases  and 


(ii)  a  low-mobility  peak  that  remains  essentially 
unchanged  throughout  the  etch  sequence.  Details 
of  the  mobility  and  carrier  concentration  from  the 
two  layers  are  shown  in  fig.  4.  We  can  see  that  the 
charge  concentration  of  the  high-mobility  compo¬ 
nent  decreases  linearly,  with  a  slope  corresponding 
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Fig.  2.  77  K  Hall  effect  mobility  and  charge  concentration  as  a  function  of  etch  depth.  The  results  are  interpreted  with  a  single-carrier 
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Fi§.  3  77  K  mobiluv  spectra  recorded  at  each  eich-siep  inier- 
val,  Two  carriers  wit^  distinctly  different  mobilities  are  ob¬ 
served  initially.  Note  how  the  high-mobility  component 
vanishes  as  the  etch  progresses. 


lo  a  bulk  concentration  of  1  x  lO'*’  cm  These 
factors  identify  this  component  as  the  top  1/2  frm 
doped  layer.  The  concentration  and  mobility  of 
the  low-mobility  component,  on  the  other  hand, 
remain  constant  until  the  entire  layer  is  removed. 
Thus  the  low-mobility  peak  could  only  have  its 
origin  at  the  .solid  vacuum,  or  epi  sub.strate.  in¬ 
terface.  C  y  profiling  confirmed  the  location  to 
be  at  the  substrate. 

This  analysis  shows  that  vertically,  the  quality 
of  the  film  is  very  uniform,  apart  from  a  layer  at 
the  substrate  interface  where  a  large  concentration 
of  charge  resides.  The  mobility  of  26,000  emV^  ■  s 
is  quite  respectable  for  a  doping  level  of  1  x  lO''’ 
cm  '  as  can  be  seen  in  fig.  5.  The  purity  of  the 
material  grown  in  the  .system  is  further  demon¬ 
strated  by  the  mobility  of  the  film  with  the  AllnAs 
buffer.  This  layer  exhibited  only  one  mobility 
spectrum  peak  at  65.1(X)  cm  ‘  and  a  correspond¬ 
ing  background  concentration  around  10''  cm  ' 


(the  exact  number  depends  on  the  interface  deple¬ 
tion  width,  which  is  unknown).  To  our  knowledge 
this  is  the  highest  77  K  mobility  reported  for 
MBE-grown  Inu5jGao47As. 

Full  Hall  effect  mapping  of  the  wafers  could 
not  be  done.  However,  samples  taken  at  typical 
areas  indicated  that  the  main  part  of  the  dif¬ 
ference  in  conductivity  appeared  to  be  in  the 
interface  layer.  It  is  worth  pointing  out  again  that 
our  high-mobility  film  with  the  AllnAs  buffer  also 
shows  sheet  resistance  variations  across  the  wafer, 
although  with  smaller  variations. 
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Fig.  4  (a)  Two-currier  Hall  mobiliiy  and  (b)  concentraMon 
dala  phHk'd  av  a  function  of  etch  depth.  In  the  region  between 
0  .'5  and  0.55  gm.  the  mobilities  are  similar  enough  that  correct 
veparation  into  two  components  is  not  pi>ssibie. 
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4.  Discussion 

The  interface  quality  between  the  substrate  and 
the  epi-film  obviously  plays  an  important  role  in 
determining  the  quality  of  the  rest  of  the  layer. 
Our  observations  indicate  that  lateral  variations  in 
substrate  surface  quality  affect  the  interface  con¬ 
duction.  The  magnitude  of  the  variations  can  be 
quite  large  as  was  seen  in  fig.  1.  However,  even 
when  a  conducting  interface  layer  is  formed,  films 
of  good  quality  can  be  grown.  The  interface  con¬ 
duction  can  be  largely  eliminated  by  use  of  an 
AllnAs  buffer  layer,  which  is  normally  the  case  in 
devices,  such  as  MODFETs.  The  origin  of  the 
interface  charge  could  be  either  the  background 
donors  in  the  InGaAs  or  InAlAs  layers  or  inter¬ 
face  donor  states  (see,  e.g.,  ref.  [13|).  It  is  less  clear 
where  exactly  the  electrons  are  moving.  It  is  well 
known  that  an  interface  layer  of  InAs  is  formed 
on  InP  when  it  is  heated  in  an  As  flux  (14,15]. 
However,  since  the  thickness  of  this  layer  is  only 
one  [15]  or  two  [14]  monolayers,  one  would  not 
expect  the  quantum  well  that  the  layer  forms  to 
have  a  bound  state  near  its  bottom.  This  would  be 
required  if  charge  should  be  able  to  accumulate  in 
the  well.  (We  assume  that  the  band  lineup  is  close 
to  dE^/E^  =  (j5%  and  that  the  Fermi  level  is 
pinned  close  to  mid-gap  in  the  InP  [16].  Based  on 
Raman  studies  of  InP  surfaces  prepared  in  differ¬ 
ent  ways,  Boudart  et  al.  [17]  have  suggested  that  a 
conducting  surface  layer  can  be  formed  under 
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certain  conditions  on  an  otherwise  semi-insulating 
wafer.  The  origin  of  such  a  layer  and  its  relation¬ 
ship  to  the  structure  or  composition  of  the  InP 
surface  is  not  understood  at  present.  Further  stud¬ 
ies  to  resolve  these  issues  are  needed. 


5.  Summary 

We  have  shown  that  conducting  interface  layers 
sometimes  form  between  InGaAs  films  and  InP 
substrates.  The  presence  of  such  a  layer  was  de¬ 
tected  using  the  Mobility  Spectrum  Technique. 
The  presence  of  a  conducting  layer  did  not  seem 
to  affect  the  quality  of  the  epitaxial  film.  The 
development  of  interface  layers  can  be  minimized 
by  use  of  an  AllnAs  buffer  layer.  The  exact  origin 
of  the  conducting  layer  is  presently  unknown. 
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Characterization  of  InGaAs  and  InAlAs  layers  on  InP  by  four-crystal 
high  resolution  X-ray  diffraction  and  wedge  transmission 
electron  microscopy 
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Ihe  indium  desorption  rales  from  InGaAs  and  InAlAs  grown  on  InP  substrates  have  been  measured  by  wedge  transmission 
electron  microscopy  as  a  function  of  the  growth  temperature.  Desorption  becomes  significant  at  545 ‘^C  for  both  materials.  No 
automalching  effects  could  be  observed  under  the  growth  conditions  of  the  experiment.  The  bandgap  of  In^Al^  ,  As  has  been 
measured  at  77  K  as  a  function  of  the  indium  content.  The  composition  and  the  strain  have  been  measured  by  four-crystal  high 
re?a>luiion  X-ray  diffraction  with  symmetrical  (004)  and  assymmeirical  (115  +  )  Bragg  reflections.  The  intrinsic  bandgap  follows  the 
relation  i  )  =  2.774 -  2.41 1 1  and  the  strained  material  the  relation  v )  =  0.671  +  5,236 1  ~6.929y‘. 


1.  Introduction 

Despite  the  increasing  interest  in  InAlAs  and 
InGaAs  alloys.  s<ime  important  parameters  such 
as  the  bandgap  energy  versus  indium  content  or 
indium  desorption  rate  versus  growth  temperature 
( y )  are  still  not  fully  established,  especially  for 
InAl.As.  The  purpose  of  this  paper  is  to  .show  that 
by  using  newly  developed  characterization  tech¬ 
niques  such  as  four-crystal  high  resolution  X-ray 
diffraction  (HRXD)  or  wedge  transmission  elec¬ 
tron  micro.scopy  (WTE.M).  some  of  the.se  parame¬ 
ters  can  be  investigated 

All  the  samples  used  in  the  present  studv  have 
been  grown  in  a  VG  V80H  solid  source  MBE 
system.  Sumitomo  InP  {(X)l )  ±  0,5°  oriented  sub¬ 
strates  were  loaded  with  indium  mounting  and 
without  any  substrate  preparation,  as  better  re¬ 
sults  on  mtxiulation  doped  heterostructures  have 
been  obtained  in  our  group  with  this  pnx'edure 
[1|.  InAlAs  was  grown  at  a  low  V/III  ratio  (i.e. 
significantly  lower  than  the  ratio  used  for  GaAs  at 
a  similar  growth  rate)  and  a  high  V/lll  ratio  was 
u.sed  for  InGaAs. 


2.  Wedge  transmission  electron  microscopy 
tWTEM) 

Perfect  90°  wedges  can  easily  be  produced  by 
cleavage  along  any  {±1101  planes.  An  image  of 
the  wedge  along  the  [001]  growth  axis  can  thus  be 
obtained  at  any  chosen  point  of  the  wafer.  The 
wedge  is  transparent  to  electrons  over  a  distance 
of  a  few  hundred  angstroms.  Ob.servaiion  is  often 
done  along,  or  close  to.  the  [100]  zone  axis.  i.e. 
with  the  epilayers  running  parallel  to  the  incident 
beam.  The  WTEM  technique  is  interesting  in 
.several  aspects: 

the  specimen  preparation  is  fast,  and  only  a  few 
.square  millimetres  of  material  are  needed; 

the  contrast  interpretation  is  made  easier  due  to 
the  preci.se  knowledge  of  the  thickness  of  the 
observed  area; 

artefacts  due  to  conventional  thinning  pnx'ess 
are  avoided; 

buckling  and  strain  relaxation  effects  are  re¬ 
duced  because  the  substrate  is  not  removed; 

the  steep  variation  of  thickness  across  the  sam¬ 
ple  allows  new  possibilities  to  have  information 
concerning  the  chemical  composition  of  the  layers. 
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For  more  details  about  WTEM,  see,  for  exam¬ 
ple,  ref.  [2]. 

It  is  now  well  established  that  indium  desorp¬ 
tion  from  InGaAs  or  InAIAs  becomes  significant 
for  7^  close  to  the  usual  growth  temperature,  but 
the  published  values  range  from  500  °C  up  to 
650  °C  (3,4}.  We  have  measured  the  desorption 
rate  as  a  function  of  7^.  The  sample  structure 
consists  of  10  layers  1000  A  thick  InGaAs  (respec¬ 
tively  InAIAs)  separated  by  100  A  InAIAs  (respec¬ 
tively  InGaAs)  markers.  7^  was  increased  by  —  10 
K  at  each  step.  WTEM  has  been  used  to  obtain  an 
accurate  estimation  of  the  epilayer  thicknesses. 
With  this  procedure  the  entire  desorption  curve 
can  be  measured  using  only  one  sample,  which 
eliminates  discrepancy  problems  from  one  growth 
to  another.  The  growth  temperature  was  carefully 
monitored  with  a  0.95  fim  IRCON  Modline  V 
pyrometer,  which  was  calibrated  against  the  melt¬ 
ing  point  of  InSb  at  525  °C  and  the  oxygen  de¬ 
sorption  temperature  of  GajO  oxide  from  GaAs 
at  630  “C.  The  temperature  measurements  were 
done  with  the  group  HI  shutters  in  the  closed 
position  in  order  to  prevent  parasitic  reflection 
from  the  K-cells.  The  temperature  was  stable 
within  +2  K  from  i.ie  beginning  to  the  end  of 
each  step.  A  typical  WTEM  picture  is  shown  in 
fig.  1  and  indium  desorption  curves  versus  are 
shown  in  fig.  2  and  fig.  3.  From  a  practical  point 
of  view,  significant  desorption  occurs  at  545- 
550  ®C  for  both  materials.  This  confirms  the  lowest 
values  published  for  InAIAs.  An  Arrhenius  plot 


Fig.  I .  Wedge  truumisskm  microscopy  of  a  structure  consist¬ 
ing  of  ten  1000  A  thick  InGaAs  (respectively  InAIAs)  layers 
separated  by  100  A  InAIAs  (respectively  InGaAs)  markers. 
[310|  zone  axis,  bright  Held.  300  kV.  Marker  represents  SOO 
nm. 


Fig.  2.  Indium  desorption  rate  of  InP  lattice  matched  InAIAs 
versus  growth  temperature. 

gives  an  activation  energy  of  3.15  eV  (respectively 
5.2  eV)  for  InAIAs  (respectively  InGaAs).  These 
values  must  not  be  interpreted  as  representing  the 
binding  energies  of  indium  on  the  surface.  Correc¬ 
tions  have  to  be  made  because  the  indium  cover¬ 
age  at  the  surface  is  not  kept  constant  from  one 
step  to  another.  Moreover,  as  is  increased,  the 
arsenic  coverage  decreases,  which  may  affect  the 
indium  desorption  (5). 

Automatching  effects  have  been  reported  (4)  on 
InAIAs  for  growth  conditions  where  indium  de¬ 
sorption  occurs.  We  have  studied  this  effect  using 


Fig.  3.  Indium  desorption  rate  of  InP  lattice  matched  InGaAs 
versu.s  growth  temperature. 
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Fig.  4.  Growth  rate  relative  variation  versus  aluminium  inci¬ 
dent  flux  relative  variation  for  InAlAs  on  InP.  The  strai^t  line 
comes  from  theoretical  calculations,  =  1  is  for  automatching 
conditions,  t)  —  0  is  for  constant  Indium  sticking  coefficient. 
The  If » 0  condition  is  calculated  assuming  the  InAlAs  is 
relaxed  or  strained  on  the  InP  substrate. 


the  technique  described  above  with  similar  struc¬ 
tures  grown  at  ~  550-560°  C,  but  now  decreasing 
the  aluminium  incident  flux  in  several  steps.  The 
incident  indium  flux  is  maintained  constant;  we 
assume  that  the  aluminium  sticking  coefficient  is 
unity.  We  define  two  cases;  (i)  t}  =  0  if  no  auto¬ 
matching  occurs,  i.e,  the  indium  sticking  coeffi¬ 
cient  is  constant;  (ii)  7/  =  1  if  automatching  oc¬ 
curs.  i.e.  the  indium  sticking  ( S|„ )  coefficient  ad¬ 
justs  itself  in  order  to  keep  the  composition  equal 
to  the  lattice  matched  one.  The  growth  rate  is 
given  by  the  relation 

where  (respectively  0^,)  is  the  indium  (respec¬ 
tively  aluminium)  incident  flux  and  kiy)  repre¬ 
sents  the  volume  of  the  strain  or  relaxed  unit  cell. 

are  the  corresponding  values  under  lattice 
matching  conditions.  The  relative  variation  of  the 
growth  rate  with  varying  aluminium  flux  is  then 
given  by: 

if  T)  =  1,  then 


if  7]  =  0,  then 

y;  k(yo)  ^  ' 

The  relative  variation  of  the  growth  rate  is 
plotted  as  a  function  of  the  relative  variation  of 
the  aluminium  flux  in  fig.  4.  The  slope  of  the  data 
points  closely  follows  the  behaviour  calculated  for 
the  1)  =  0  case,  with  or  without  strain  relaxation  of 
the  layers.  We  conclude  that  no  automatching 
effects  are  observed  for  both  InAlAs  and  InGaAs 
material  under  the  conditions  of  our  experiment 
and  for  y  values  in  the  range  from  53%  to  60%. 


3.  Four-crystal  high  resolution  X-ray  diffraction 
(HRXD) 

X-ray  measurements  were  carried  out  using  a 
high  resolution  diffractometer  (Philips  HRl).  The 
four-crystal  monochromator  was  configured  in  its 
220  setting  providing  an  intense  parallel  mono¬ 
chromatic  beam.  An  interesting  feature  of  this 
set-up  is  that  any  Bragg  reflection  on  any  material 
can  be  observed  with  no  change  in  the  monochro¬ 
mator  setting,  in  contrast  to  X-ray  double  diffrac¬ 
tion.  004  X-ray  rocking  curves  demonstrate  the 
high  crystalline  quality  and  excellent  vertical  com¬ 
position  uniformity  of  the  GalnAs  layers,  as  evi¬ 
denced  by  the  low  full  width  at  half  maximum 
(FWHM)  of  the  layer  diffraction  peaks  and  the 


Fig.  5.  Four-crystal  high  resolution  X-ray  diffraction  (HRXD) 
rocking  curve  of  a  0.66  fim  (hick  InAlAs  layer  on  InP. 


R.  Houdre  el  al.  /  Characlerizalion  of  InGoAs  and  InAlAs  layers  on  InP 


459 


presence  of  at  least  15  Pendellosung  fringes  ob¬ 
tained  for  both  materials.  Fig.  5  shows  the  good 
agreement  between  experimental  and  calculated 
curves  for  a  0.66  /im  thick  AlInAs  layer.  To  our 
knowledge,  no  observation  of  this  kind  has  yet 
been  made  on  InAlAs,  the  growth  of  which  is 
more  critical  than  that  of  InGaAs.  The  simulation 
is  based  on  the  dynamical  X-ray  diffraction  theory 
[6].  The  32  arc  sec  FWHM  is  very  close  to  the 
theoretical  value.  A  similar  fit  is  obtained  on  a  1 
/im  thick  GalnAs  layer  (FWHM  =  24  arc  sec). 
Previous  reports  can  be  found  for  InGaAs  grown 
on  InP  [7]  and  for  the  AlGaAs/GaAs  system  [8]. 

A  0.5  pm  thick  AlInAs  layer  was  grown  with 
no  sujstrate  rotation  in  order  to  induce  a  large 
lateral  change  of  the  indium  content  ( > ).  Mapping 
using  the  004,  115  and  115  Bragg  reflections  shows 
that  y  varies  from  46%  up  to  57^  over  a  quarter 
of  a  2-inch  wafer.  Asymmetrical  reflection  mea¬ 
surements  show  that  no  significant  strain  relaxa¬ 
tion  occurs  for  y  between  46%  and  55%.  However, 
a  relaxation  as  high  as  30%  was  measured  for  an 
indium  content  of  57%.  A  long  and  very  narrow 
stripe  was  then  cleaved  from  this  layer,  so  that  a 
convenient  relation  of  v  as  a  function  of  the 
position  along  the  stripe  could  be  used,  and  photo¬ 
luminescence  (PL)  studies  as  a  function  of  y  have 
been  performed.  A  typical  77K  PL  spectrum  is 
shown  in  fig.  6.  The  spectrum  exhibits  a  sharp 
band-to-band  emission  line  with  maximum  inten- 


Fig.  6.  77  K  photoluminescence  of  lattice  matched  InAlAs  on 
InP. 


Fig.  7.  77  K  luminescence  energy  of  InAlAs  versus  indium 
content  and  intrinsic  bandgap  corrected  for  nusmatch  strain. 


sity  for  the  lattice  matched  material.  The 
aluminium-rich  material  presents  a  low  energy 
impurity  line  with  a  constant  binding  energy  of 
100  meV,  while  for  the  indium-rich  material,  two 
low  energy  lines  where  found.  PL  intensity  versus 
excitation  power  density  measurements  shows  a 
quadratic  dependence  for  the  high  energy  line  and 
a  linear  dependence  for  the  low  energy  one.  thereby 
confirming  the  nature  of  these  lines.  Fig.  7  shows 
the  measured  77  K  bandgap  of  In Al,  ,,  As  versus 
y  and  the  values  corrected  for  mismatch  strain 
according  to  a  simple  and  classical  model  [9].  The 
bandgap  values  measured  on  the  as-grown 
(strained)  layers  follow  the  relationship  £gs(y)  = 
0.671  -f  5.236y  —  6.929y‘.  Applying  the  strain  cor¬ 
rections,  we  deduce  the  relation  £'g(y)  =  2.774  — 
2.41  ly  for  the  intrinsic  material.  It  is  important  to 
notice  that  the  intrinsic  bandgap  has  a  linear 
dependence  and  does  not  show  any  particularity 
at  the  lattice  matched  value,  in  contrast  to  the 
measured  values  for  which  the  bandgap  is  de¬ 
termined  by  electron-to-heavy-hole  transition 
when  y  >  0.52  and  electron-to-light-hole  transi¬ 
tion  when  y  <  0.52. 

The  lattice  matched  bandgap  of  AlInAs  at  77  K 
was  found  to  be  =  1.511  eV.  This  result  is  in 
close  agreement  with  values  from  refs.  (3,10}.  Pre¬ 
liminary  measurements  at  4  K  show  a  17  meV 
wide  PL  line  at  1.507  eV  for  the  lattice  matched 
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material,  which  gives  a  bandgap  £g  =  1.516  eV 
after  binding  exciton  energy  correction. 

4.  Conclusion 

We  have  measured  by  WTEM  the  indium  de¬ 
sorption  rate  from  InGaAs  and  InAlAs  grown  on 
InP  substrates  as  a  function  of  the  growth  temper¬ 
ature.  We  deduce  that  desorption  becomes  signifi¬ 
cant  at  545  °C  for  both  materials.  With  the  same 
procedure,  automatching  effects  have  been  in¬ 
vestigated,  and  we  conclude  that  no  effects  could 
be  observed  under  the  growth  conditions  of  the 
experiment.  The  bandgap  of  In,  Al,  _,.As  has  been 
measured  at  77  K  as  a  function  of  y.  The  indium 
content  and  the  strain  were  carefully  measured  by 
HRXD.  The  intrinsic  bandgap  follows  the  relation 
t  )  =  2.774  -  2.41  ly  and  the  strained  material 
the  relation  £g,(>  )  =  0.671  +  5.236y  -  6.929 v’. 
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MBE  overgrowth  of  implanted  regions  in  InP :  Fe  substrates 

H.  Kiinzel,  R.  Gibis,  W.  Schlaak,  L.M.  Su  and  N.  Grote 

Heinrivh-Hertz-lnsiitut  fur  Scchrichtentechnik  Berlin  GmbH.  Emsteinufer  37,  W-IOOO  Berlin  10,  Germany 


The  MBE  growth  of  InGaAs  layers  on  Si-implanted  InP:  Fe  substrates  was  investigated.  Ion  doses  and  energies  used  were  in  the 
range  of  5  x  10^“ -5  x  lO’^  cm  ^  and  100-700  keV,  respectively.  Among  the  different  annealing  conditions  tested,  i.e.  in-situ 
annealing  in  the  MBE  growth  chamber  at  500 rapid  thermal  annealing  at  650 and  high  temperature  annealing  at  750 “C 
under  partial  pressure,  only  the  latter  method  was  found  to  ensure  restoration  of  the  substrate  crystal  and  high-quality 

iwergrowth  as  assessed  by  RHEED  and  X-ray  diffraclometry.  Heierojunction  bipolar  transistors  employing  an  implanted  overgrown 
collector  were  successfully  fabricated. 


1.  Introduction 

For  advanced  long-wavelength  integrated  opto¬ 
electronics  the  use  of  semi-insulating  InP ;  Fe  sub¬ 
strate  material  is  a  prerequisite  to  allow  for  electri¬ 
cal  isolation  of  the  devices  involved.  Unfor¬ 
tunately.  most  of  the  components  to  be  used  in 
integrated  optoelectronic  circuits  (OEIC)  exhibit  a 
vertical  (e.g.  laser,  photodiode,  heterojunction  bi¬ 
polar  transistor  (HBT))  rather  than  a  lateral  de¬ 
sign  which  generally  leads  to  mesa-type  devices 
the  height  of  which  can  amount  up  to  a  few 
microns.  In  particular,  a  contacting  layer  with  a 
sheet  resistance  as  low  as  possible  needs  to  be 
incorporated  at  the  bottom  of  the  epitaxial  device 
structure  to  provide  low  ohmic  current  access.  As 
such  layers  require  a  substantial  thickness  they 
may  considerably  contribute  to  the  total  device 
height,  thereby  impeding  the  fabrication  technol¬ 
ogy.  The  use  of  buried  contact  layers  embedded 
into  the  semi-insulating  substrate  provides  a  means 
to  minimize  this  problem.  Moreover,  applying  this 
scheme  to  other  layers  of  the  device  structure  can 
help  reduce  parasitic  elements  as  is  true  for  the 
HBT  structure  shown  below.  Embedded  layers  can 
be  created  either  by  selective  infill  growth  into 
grooves  or  by  selective  dopant  incorporation  to 
locally  convert  semi-insulating  into  conductive 
material.  Both  diffusion  (p-typje)  and  ion  implan¬ 


tation  (n-  and  p-type)  represent  suitable  tech¬ 
niques  for  selective  doping. 

In  this  study  multiple  ion  implantation  was 
applied  to  selectively  define  the  n  */n-doped  sub¬ 
collector  (contact)  collector  region  of  an  InP-based 
HBT  which  is  taken  as  an  example  for  a  device 
making  use  of  embedded  layers. 

Different  annealing  conditions  were  investi¬ 
gated  to  provide  a  substrate  surface  suitable  for 
the  MBE  overgrowth  of  an  Ino.52 Alo4nAs/Ino53 
Gao47As  layer  sequence  (referred  to  as  InAlAs/ 
InGaAs),  completing  the  HBT  layer  structure.  Re¬ 
sults  on  single  medium-size  transistors  and  in¬ 
tegrated  laser  driver  circuits  will  be  presented 
demonstrating  that  the  developed  implantation 
based  buried  layer  technology  is  well  suited  for 
the  fabrication  of  devices. 


2.  Embedded  collector  HBT  (EC-HBT) 

In  fig.  1,  a  schematic  cross-section  of  the  em¬ 
bedded  collector  HBT  (EC-HBT)  is  shown.  The 
n*/n  collector  region  is  formed  by  selective  ion 
implantation  of  Si  into  a  Fe-doped  InP  substrate. 
To  improve  the  quality  of  the  InP :  Fe  material  an 
episubstrate  approach  [1]  can  be  applied  as  an 
alternative.  In  this  case,  a  >  10  fim  thick  MOVPE 
lnP:Fe  layer  is  first  grown  onto  an  n*-lnP;S 
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Fig.  1.  Schematic  cross-section  of  EC-HBT  employing  a  Si-im¬ 
planted  collector  and  a  MBE  grown  InGaAs/lnAIAs 
base/emitier  layer  structure. 


substrate.  This  approach  not  only  ensures  a  well- 
defined  Fe  concentration,  adjusted  at  (1-2)  X  10'* 
cm  ^  but  also  a  reduced  density  of  defects  due  to 
the  use  of  a  low  EPD  n  ^-substrate.  For  the  MBE 
growth  studies  homogeneously  n  */n-implanted 
InP :  Fe  substrates  were  employed  whereas  for  the 
growth  of  FIBT  layer  structures  selectively  im¬ 
planted  episubstrates  were  used. 

To  synthesize  the  n’^/n  dopant  profile  in  the 
substrate,  multiple  implantation  is  employed  with 
the  ion  energies  and  the  doses  ranging  from  100  to 
700  keV  and  5  X  10'^  to  5  X  lO'"*  cm  respec¬ 
tively.  Double-ionized  Si  is  used  for  energies  >  400 
keV.  The  resulting  carrier  depth  profile  of  the 
implanted  region  as  measured  by  C-V  profiling 
after  annealing  is  shown  in  fig.  2.  The  resulting 
sheet  resistance  is  measured  to  be  approximately 
40  i?/0.  In  some  instances  the  use  of  InP;Fe 
substrate  material  gave  distorted  implantation 
profiles  in  the  highly  doped  subcollector  region, 
which  is  attributed  to  a  non-homogeneous  Fe  dis¬ 
tribution. 


Fig.  2.  Doping  concentration  depth  profile  in  Si-implanted 
InP:  Fe  (implantation  parameters  given  in  the  inset). 


The  base  and  emitter  layers  are  grown  by  MBE 
directly  onto  the  implanted  substrate  after  anneal¬ 
ing  such  that  the  collector/base  heterojunction 
corresponds  to  the  substrate/ layer  interface.  The 
base  consists  of  a  150  nm  thick  Be  doped  InGaAs 
layer  (/)  =  1  X  10'*  cm“^)  with  p "-doped  30  nm 
thick  spacer  regions  (p  =  5  X  10'*  cm"^).  For  the 
emitter  a  150  nm  thick  Si-doped  InAlAs  layer 
(•t  =  2xl0'^  cm"')  is  employed.  The  layer  se¬ 
quence  is  completed  by  a  150  nm  InALAs :  Si  layer 
and  a  100  nm  thick  n ^-InGaAs;  Si  contact  layer 
on  top  (n''^=2xl0'’  cm"').  Within  the  upper 
InAlAs  layer  the  donor  doping  concentration  is 
gradually  increased  from  the  emitter  to  the  con¬ 
tact  layer  value.  Further  details  on  the  device 
structure  are  given  in  ref.  [2].  Due  to  the  use  of  an 
embedded  collector  the  device  height  amounts  to 
only  0.6  jam  which  may  be  further  reduced. 

3,  MBE  growth  on  implanted  surfaces 

In  principle,  ion  implantation  leaves  a  distorted 
crystalline  region  near  the  surface.  Although  mi¬ 
croscopic  inspection  of  the  samples  used  in  this 
work  revealed  no  difference  between  the  im¬ 
planted  and  unimplanted  regions  with  respect  to 
surface  morphology,  MBE  g'owth  on  non-an- 
nealed  implanted  regions  yielded  poly~rystalline 
deposits  exhibiting  high  electrical  resistivity  [3].  In 
order  to  obtain  surfaces  suitable  for  subsequent 
MBE  growth,  three  different  annealing  techniques 
were  compared.  Firstly,  to  achieve  an  in-situ  an- 
r.ealing/MBF.  growth  process  thermal  treatment 
of  the  substrate  in  the  growth  chamber  was  tried 
using  an  annealing  time  of  1  h  in  a  stabilizing  AS4 
beam  [4]  after  oxide  desorption.  Secondly,  rapid 
thermal  anneahng  (RTA)  which  has  proven  suita¬ 
ble  for  fully  activ  ting  the  incorporated  Si  ions 
was  utilized.  This  thermal  treatment  was  carried 
out  in  an  inert  atmosphere  at  a  temperature  of 
650  °  C  for  30  s.  As  the  third  method,  high-temper¬ 
ature  annealing  performed  at  750  °C  for  20  min, 
with  the  surface  of  the  implanted  substrates  being 
stabilized  in  a  PHi/Hj  ambient,  was  studied. 
After  implantation  and  annealing  the  samples  were 
cleaned  in  a  dilluted  HF  solution  and  are  intro¬ 
duced  into  the  MBE  growth  chamber  without  any 
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angle  /  a.  u.  - ^ 

Fig.  3.  Dqjendence  of  substrate  status  and  epitaxial  layer  quality  on  atmealing  conditions  measured  by  RHEED  ((2x4)  RHEED 
patterns  of  Si-implanted  InP:  Fe)  and  X-ray  diffraction  (X-ray  diffraction  patterns  of  0.6  pm  MBE  GalnAs).  respectively:  (a)  in-situ 
annealing,  1  h.  5(X)°C;  (b)  rapid  thermal  annealing,  30  s,  650  °C:  (c)  hi^-temperature  annealing  in  PHj  ambient,  20  min,  750  “C. 


additional  etching  procedure.  The  results  of  this 
study  in  terms  of  the  quality  of  the  substrate 
surface  and  of  overgrown  MBE  InGaAs  layers  are 
presented  in  fig,  3  which  also  summarizes  the 
different  annealing  conditions, 

TTie  crystalline  condition  of  the  uppermost 
atomic  layers  of  the  substrate  was  examined  by 
means  of  the  RHEED  pattern.  Mainly  the  (2  x  4) 
reconstruction  of  the  surface  was  observed  to  judge 
the  surface  state.  In  the  case  of  in-situ  annealing 
in  the  MBE  system  at  temperatures  below  400  "  C, 
the  RHEED  pattern  shows  a  circular  intensity 
distribution  being  characteristic  of  an  amorphous 
surface  layer  With  increasing  the  substrate  tem¬ 
perature  to  500  °C  broken  bulk-type  reflection 
lines  tend  to  appear.  After  an  annealing  time  of  1 
h  at  this  temperature  the  amorphous  contribution 
of  the  RHEED  pattern  disappears  and  the  inten¬ 
sity  of  the  reflection  lines  increases  which,  how¬ 
ever,  are  still  interrupted,  as  shown  in  fig.  3a.  In 
fig.  3b,  a  RHEED  pattern  is  displayed  which  was 
taken  on  a  RTA  annealed  wafer  after  oxide  de¬ 
sorption.  It  can  be  seen  to  be  composed  of  non-in- 


terrupted  bulk-type  reflection  lines  being  strongly 
intensity  modulated  indicating  a  still  imperfect 
restoration  of  the  crystal  lattice.  In  addition,  the 
onset  of  surface  reconstruction  lines  is  visible. 
However,  using  the  long-term  high  temperature 
annealing  process  under  PHj/Hj  yields  a  RHEED 
pattern  which  is  comparable  to  that  of  unim¬ 
planted  substrate  material.  The  achievement  of 
homogeneous  and  complete  reconstruction  of  the 
bulk  and  surface  region  is  clearly  demonstrated  in 
fig.  3c. 

InGaAs  layers  with  a  thickness  of  0.6  jim  were 
subsequently  deposited  by  MBE  onto  fully  im¬ 
planted  substrates,  annealed  as  discussed  above. 
The  surface  morphology  and  the  crystalline  qual¬ 
ity  of  these  layers  were  assessed  using  interference 
contrast  microscopy  and  X-ray  diffractometry,  re¬ 
spectively.  Diffraction  patterns  were  recorded  in 
the  vicinity  of  the  symmetric  (400)  reflection  using 
CuK.a,  radiation. 

As  a  result,  growth  on  substrates  exhibiting  a 
non-ideal  surface  state  gives  rough  InGaAs 
surfaces.  In  the  case  of  the  in-situ  annealing  pro- 
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cess  the  surface  is  extremely  deteriorated  char¬ 
acterized  by  a  roughness  of  the  order  of  100  nm. 
The  respective  diffraction  spectrum  shows  only 
one  peak  which  is  related  to  the  substrate  (fig.  2a). 
The  use  of  the  RTA  process  results  in  some  im¬ 
provement  of  the  morphology  with  the  roughness 
being  reduced  by  a  factor  of  about  five  compared 
to  the  former  procedure.  Additionally,  in  the  dif¬ 
fraction  pattern  a  very  broad  structure,  illustrated 
by  the  shaded  area  in  fig.  2b.  is  indicative  of  some 
ordering.  The  center  of  this  band  which  almost 
coincides  with  the  substrate  peak  demonstrates  the 
properly  matched  alloy  composition  of  the  MBE 
InGaAs  layer.  As  expected  from  the  RHEED 
studies  on  substrates  annealed  at  750  °C  under 
PH,  partial  pressure,  overgrown  layers  exhibit  a 
smooth  surface  comparable  to  layers  grown  on 
.unimplanted  substrates.  The  X-ray  diffraction 
spectrum  of  such  samples  is  composed  of  two 
closely  neighbouring  sharp  peaks  with  the  FWHM 
value  amounting  to  30-40  arc  sec  for  the  0.6  fim 
InGaAs  layer  compared  to  15  arc  sec  for  the 
substrate.  These  figures  are  in  agreement  with 
data  given  in  the  literature  for  high  quality  MBE 
growth  [5].  As  a  conclusion,  high  quality  MBE 
growth  is  achievable  on  heavily  implanted  InP 
substrates  provided  proper  annealing  conditions 
are  chosen.  It  remains  to  be  investigated,  however, 
whether  this  also  holds  for  even  higher  ion  doses 
and  ion  energies  different  from  those  used  in  this 
study. 

4.  MBE  growth  and  device  characteristics  of  EC- 
HBT 

Based  on  the  process  described  above  complete 
layer  structures  for  EC-HBT  devices  (section  2) 
were  grown  by  MBE  using  a  substrate  tempera¬ 
ture  of  500  °C.  Slightly  As-stabilized  flux  ratios 
were  applied.  Under  these  growth  conditions  In 
AlAs  layers  were  found  to  exhibit  an  optimum 
surface  morphology  [6].  For  InGaAs  no  variation 
of  the  crystalline  and  electrical  properties  was 
observed  when  grown  between  450  and  580  “C. 
Despite  the  incorporation  of  the  InAlAs  layer  an 
ideal  morphology  was  obtained  for  the  entire  layer 
stack  due  to  InGaAs  grown  as  the  starting  layer 


[7],  A  reduction  of  the  growth  temperature  for  the 
Be-doped  based  layer  to  minimize  acceptor  diffu¬ 
sion  was  considered  to  be  not  necessary  because 
the  doping  level  of  1  X  10'*  cm"^  used  here  is 
below  those  concentration  levels  which  give  rise  to 
enhanced  diffusion  [8].  At  the  p/p“  and  the  het¬ 
erointerface  MBE  growth  was  interrupted  for  90  s 
to  optimize  the  acceptor  profile  and  to  minimize 
variation  in  the  alloy  composition  due  to  flux 
transients.  This  interruption  however,  has  no 
negative  influence  on  the  heterojunction  built-up 
as  confirmed  by  an  interface  state  density  of  1  x 
10'®  cm"^.  Following  the  MBE  growth.  EC-HBT 
devices  were  fabricated  according  to  the  design 
illustrated  in  fig.  1  and  as  described  in  ref.  [2]. 
Here  the  performance  of  the  devices  will  be  briefly 
summarized  only  to  demonstrate  that  the  growth 
on  implanted  areas  yields  epitaxial  material  which 
meets  the  demands  of  high-quality  devices.  The 
electrical  quality  of  the  growth  interface  between 
the  implanted  region  and  the  epitaxial  base  layer 
forming  the  collector  p/n  junction  is  crucial  for 
the  I/V  properties  of  the  HBTs.  A  representative 
forward  1/V  chaiacteristic  of  the  collector  diode 
is  given  in  fig.  4.  The  ideality  factor  obtained  is 
mostly  less  than  2.  with  typical  values  being  around 
1.8,  which  gives  another  indication  of  the  high 
quality  overgrowth  achieved  on  the  implanted 
substrates.  This  result  also  suggests  that  the  rela¬ 
tively  high  density  of  interface  states  measured  by 
the  C-V  profiling  techniques  does  not  cause  a 


Fig.  4.  I/V  forward  characteristic  of  EC-HBT  base/collector 
diode. 
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noticeable  degradation  of  the  electrical  behaviour 
of  the  collector  heterodiode. 

Well  behaved  common  emitter  characteristics 
with  a  breakdown  voltage  of  more  than  3  V  and 
current  gains  of  the  order  of  100  at  collector 
current  densities  of  10"- 10'*  A  cm  *  ’  (emitter  area; 
8  X  32  fim~)  were  attained.  The  transit  frequency 
i/j)  was  measured  to  be  approximately  9  GHz  for 
these  medium-size  devices.  Moreover,  an  in¬ 
tegrated  laser  driver  circuit  consisting  of  three 
EC-HBTs  and  a  resistor  was  fabricated  which  is 
capable  of  current  modulation  at  bitrates  of  up  to 
4  Gbil/s  [9]. 

5.  Conclusions 

A  study  on  the  MBE  growth  of  InGaAs  layers 
on  .selectively  Si-implanted  InP:  Ee  substrates  was 
performed.  Three  different  methods  for  annealing, 
i.e.  in-situ  annealing  prior  to  MBE  growth,  rapid 
thermal  annealing  (650  °C),  and  high-temperature 
annealing  at  750 "C  in  have  been  in¬ 

vestigated.  Only  the  latter  prtKedure  was  found  to 
ensure  high-quality  overgrowth  which  allows  the 
fabrication  of  devices  employing  implanted  layers 
buried  in  the  substrate.  The  succe.ssful  realization 
of  HBTs  with  an  embedded  collector  demon¬ 


strates  the  usefulness  of  this  technological  ap¬ 
proach. 
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Effects  of  substrate  orientation,  pseudomorphic  growth  and  superlattice 
on  alloy  scattering  in  modulation  doped  GalnAs 
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The  possibility  of  reducing  alloy  scattering  in  MBE  Ga, .  ,ln,As  has  been  studied  experimentally  by  growing  modulation  doped 
heterostructures  (A)  with  an  InAs/GalnAs  superlattice  2DEG  channel.  (B)  on  a  vicinal  (110)  InP  substrate,  and  (C)  with  a  strain 
compensated  pseudomorphic  channel.  The  maximum  77  K  mobility  obtained  in  each  case  is  (A)  60.600.  (B)  69.300.  and  (C)  123.100 
cm'/V  s.  using  x  =  0.50.  0.53.  and  0.80.  re.spectively.  Partial  alloy  ordering  is  observed  in  case  (B).  Cyclotron  resonance  measure¬ 
ments  indicate  that  the  reduction  of  m*  contributes  much  less  to  the  enhancement  of  mobility  in  case  (C)  than  the  alloy  composition 
factor  r(l  -  .r).  Alloy  ordering  may  also  be  important. 


1.  Introduction 

Hetero.siructures  of  Ga, ,  ,In,  As/ Al„4^In„,, 
As  grown  on  InP  substrates,  in  addition  to  being 
important  for  photonic  devices  in  the  1.3  to  1.7 
pm  spectral  range,  have  been  proven  advanta¬ 
geous  over  those  of  the  GaAs/AIGaAs  system  for 
high  speed  electronic  devices,  due  to  several  super¬ 
ior  electronic  transport  properties.  At  cryogenic 
temperatures,  the  electron  mobility  in  GalnAs  is. 
however,  generally  lower  than  that  in  GaAs,  due 
to  alloy  scattering.  At  room  temperature,  alloy 
scattering  is  less  important  but  still  significant.  In 
this  paper,  we  present  the  results  of  experimental 
investigations  in  which  three  different  avenues  to¬ 
wards  reduced  alloy  scattering  in  modulation 
doped  heterostructures  are  explored.  These  ap¬ 
proaches  involve  the  use  of  (A)  a  short  period 
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Syracuse.  New  York  13221,  USA, 

*  *  AT  &  T  Bell  Laboratories,  Murray  Hill,  New  Jersey  07974- 
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lnAs/Ga|,5ln,)5As  superlattice  channel  on  (100) 
InP.  (B)  lattice  matched  layers  on  vicinal  (110) 
InP.  and  (C)  highly  In  rich  pseudomorphic  layers 
grown  on  (100)  InP. 

Our  results  show  record  high  mobilities  in  all 
three  categories.  For  vicinal  (110)  growth,  en¬ 
hancement  of  mobility  over  (100)  growth  is 
achieved  for  the  first  time.  The  highest  77  K 
mobility  of  123.100  em'/V  •  s  is  obtained  on  (100) 
substrate  in  a  pseudomorphic  channel  of  .v  =  0.80 
by  using  a  novel  strain  compensation  structure  [1], 
This  high  mobility  enabled  us  to  observe  sizeable 
h/e  Aharonov-Bohm  effect  in  GalnAs  for  the 
first  time.  The  improvement  of  mobility  with  the  .v 
value  is  interpreted  with  the  help  of  cyclotron 
resonance  data. 


2.  Experimental 

The  heterostructures  used  in  the  present  study 
were  grown  at  -  500 °C  in  a  solid-source  MBE 
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system.  Two  sets  of  In  and  Ga  cells  were  used  to 
facilitate  calibration  and  growth  of  various  layers. 
In  general,  the  modulation  doped  heterostructures 
consist  of  a  300  nm  undoped  AIo4RlnQ52As  buffer 
layer,  an  undoped  Gao47lno53As  smoothing  layer, 
a  two-dimensional  electron-gas  (2DEG)  channel,  a 
10  nm  undoped  Alo4gIno52As  spacer  layer,  a  20 
nm  Si  doped  ((2-3)  x  10'“  cm“^)  Al(,4gIno5,As 
layer,  a  30  nm  undoped  Alo4gIn|3  52As  Schottky 
barrier  layer,  and  finally  a  20  nm  Si  doped  (3  X 
10  cm"’)  Gau47lnu53As  cap  layer  for  ohmic 

contact.  The  combined  thickness  of  the  Ga„47 
Ioq  5,As  smoothing  layer  and  the  channel  layer  are 
held  to  stay  within  a  narrow  range  between  50  and 
55  nm  for  consistency. 

The  three  groups  of  samples  differed  mainly  in 
the  design  of  the  2DEG  channel.  Structure  A 
consisted  of  /  periods  of  (lnAs)„,/(Ga„5„In„,„ 
As)„  superlattice  channel,  where  m  and  n  indicate 
the  number  of  monolayers.  Three  samples  of 
structure  A  were  grown  with  (/.  m.  n)  values  of 
(5.  1.  3).  (5,  2.  3)  and  (4.  3.  3).  Structure  B  is  grown 
on  vicinal  (110)  InP  and  contains  a  lattice  matched 
Ga„47ln,i53As  channel.  These  vicinal  jllO)  sub¬ 
strates  are  tilted  6°  toward  the  (111)  pole  to 
promote  quasi  2D  growth.  The  structure  C  con¬ 
tains  a  pseudomorphic  Ga,  ,ln,As  channel  with 
various  .v  values  from  0.53  to  0.85.  For  .v  <  0.70.  a 
channel  thickness  of  15  nm  is  u.sed.  For  .v  >0,70. 
a  strain  compen.sation  layer  of  3.5  nm  Ga,,,, 
In,,  ,, As  is  incorporated  just  beneath  the  channel 
layer  to  partially  balance  the  strain  in  the  struc¬ 
ture. 

The  low  field  transport  properties  were  in¬ 
vestigated  by  Hall  measurement.  The  n  *  cap  layer 
was  removed  after  ohmic  contact  formation  to 
avoid  parallel  conduction.  The  dependence  of 
electron  effective  mass  on  InAs  mole  fraction  in 
the  pseudomorphic  channel  was  characterized  by 
cyclotron  resonance  (CR)  measurements  at  wave¬ 
lengths  of  70.6  and  118.8  jim. 

3.  Results  and  discussion 

The  growth  conditions  used  in  the  present  .study 
are  similar  to  those  used  previously  to  obtain  high 
quality  ternary  and  quaternary  layers  [2],  Hall 


measurement  of  a  2  fxm  thick  Gao.47ln„53As  layer 
grown  on  top  of  a  0.4  /im  AlInAs  buffer  layer 
yields  an  unintentional  doping  level  of  ~  ~ 

1.6  X  lO’'*  cm'’  and  a  300  K  mobility  of  12,000 
cm’/V  •  s.  In  2 DEG  channels  of  this  purity, 
ionized  impurity  scattering  at  77  K  is  relatively 
low  and  alloy  scattering  is  expected  to  play  a 
significant  role  in  limiting  the  electron  mobility. 

Summarized  in  table  1  are  the  measured  Hall 
data  for  the  superlattice-channel  samples  (Struc¬ 
ture  A)  along  with  those  for  a  lattice  matched 
modulation  doped  heterostructure  sample  grown 
in  the  same  series.  The  best  mobilities  were  ob¬ 
tained  for  the  (5,  2.  3)  sample,  being  11.6(X)  and 
60,600  cm’/V  ■  s  at  300  and  77  K  respectively. 
These  values  are  superior  to  those  for  the  lattice 
matched  sample  grown  during  the  same  period  of 
time  in  the  same  MBE  .system.  More  significantly, 
they  are  much  superior  to  the  best  values  reported 
previously  for  (lnAs)„,(GaAs)„  superlattices  which 
are  considered  to  be  the  ideal  structure  for  sup¬ 
pressing  alloy  .scattering  [3). 

The  samples  on  vicinal  (110)  substrates  were 
grown  at  470  and  510° C.  The  Hall  data  for  these 
samples  along  with  the  data  for  (100)  samples 
grown  side  by  side  with  them  are  summarized  in 
table  2.  For  470  °C  growth,  the  mobility  is  lower 
for  the  vicinal  (110)  sample.  When  the  growth 
temperature  is  raised  to  510  °C,  the  mobility  val¬ 
ues  for  the  (100)  orientation  improves  slightly 
while  those  for  vicinal  (110)  orientation  improve 
significantly  and  .surpa.ss  the  (100)  values.  Consid¬ 
ering  the  typical  dependence  of  mobility  on  the 
2DEG  density  (4).  the  77  K  mobility  for  vicinal 
(110)  ca.se  is  seen  to  be  enhanced  over  that  for  the 
(100)  ca.se  by  at  least  W%  for  the  .same  2DEG 


Tabic  1 


Measured  Hal)  dala  for  (InAs), 
ulation>doped  helerosiructures 

,,/(C}alnAs)„ 

SL  channel  mcnj- 

(/.  m.  n) 

ft  (cm^/ 

V-5) 

"2()Ki 

■) 

.300  K 

77  K 

300  K 

77  K 

(  .V  I  .  .0 

7200 

- 

2.02  X  10'^ 

- 

(5.  2.  3) 

11600 

60600 

1.78  X  10'- 

1.68X10'’ 

(4.  .3.  3) 

5800 

- 

2.00x10'^ 

- 

Lauice- 

matched 

10700 

48000 

1.45  X  lO'- 

1.43x10'- 
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Table  2 

Measured  Hall  data  for  GalnAs/ AllnAs  modulation-doped 
heterostructures  grown  on  (100)  and  vicinal  (110)  orientations 


T 

'growth 

(°C) 

Orien¬ 

tation 

Mobility 
(emVv  ■  s) 

2DEG  density 
(cm-^) 

300  K 

77  K 

300  K 

77  K 

470 

(100) 

11100 

63000 

1.81x10'^ 

1.56x10*^ 

(no)v 

9600 

56400 

2.32x10'^ 

1.68x10'^ 

510 

(100) 

11100 

64200 

1.23x10'^ 

1.13x10'** 

(llO)v 

11320 

69300 

1.75x10*- 

1.65x10'^ 

density.  Cross-sectional  electron  diffraction  pat¬ 
terns  from  thicker  GalnAs  layers  reveal  mod¬ 
erately  strong  Ga-ln  ordering  in  the  vicinal  (110) 
case  [5]  and  essentially  random  Ga-In  distribu¬ 
tion  in  the  (100)  case.  The  observed  small  en¬ 
hancement  of  mobility  for  this  orientation  may  be 
due  to  the  partial  ordering  and/or  the  reduced 
incorporation  of  background  acceptors.  Further 
details  including  the  electron  diffraction  patterns 
will  be  published  elsewhere. 

Improvement  of  2DEG  mobility  and  MOD- 
FET  performance  by  the  use  of  In  rich  pseudo- 
morphic  channel  layer  has  been  limited  previously 
to  .V  <  0.65  due  to  rapidly  diminishing  critical 
layer  thickness  with  increasing  .v  [6,7].  We  have 
demonstrated  that  the  unacceptably  small  critical 
layer  thickness  for  .v  >  0.7  can  be  significantly 
increased  by  the  use  of  a  novel  strain  compensated 
structure  [Ij.  By  this  technique  we  have  achieved 
new  record  high  mobilities  of  15.300  and  123.100 
cm‘/V  •  s  at  300  and  77  K  respectively  at  a  high 
2DEG  density  of  ~  1,8  x  10’’  cm  '  in  GalnAs. 

Table  } 

Measured  Hall  data  for  strain  compensated  m<.>du!alion-doped 
heterostructures 


In 

{%) 

Mobility 
(cmVv  ?*) 

2DEG  density 
(em  *) 

at4  K 

300  K 

77  K 

.300  K 

77  K 

53 

11100 

64200 

1.23x10'^ 

1.13x10'^ 

0.0521 

60 

12500 

73100 

1..39X  10" 

1.21  xlO'^ 

0.0507 

65 

12800 

8.3000 

1.48  X  10'^ 

1.41  X  10" 

- 

75 

I4I00 

113000 

1.71  X  10" 

1.65x10'^ 

- 

80 

152(X) 

123100 

1.84X  10" 

1.81  X  10'^ 

0.0500 

85 

15300 

70700 

1.84X  lO" 

1.81x10'^ 

0.04845 

Fig.  1.  Enhancement  of  measured  77  K.  mobility  in  pseudomor- 
phic  Ga,  _  jln^As  2DEG  channels  over  the  x  =  0.53  value  as  a 
function  of  x  (open  squares).  The  .solid  symbols  show  calcu- 
lated  enhancement  of  alloy  limited  mobility. 

The  Hall  data  are  summarized  in  table  3.  Included 
in  the  last  column  of  the  table  are  the  experimen¬ 
tal  values  of  the  electron  effective  mass  in  these 
samples  measured  by  far  infrared  cyclotron  reso¬ 
nance.  The  decrease  of  with  increasing  InAs 
mole  fraction  is  seen  to  be  relatively  minor.  This  is 
due  to  the  high  Fermi  level  in  these  samples  and 
the  increasing  nonparabolicity  with  increasing  .v 
value.  The  band-edge  effective  mass  values  de¬ 
duced  from  these  data,  however,  are  in  reasonably 
good  agreement  with  the  values  interpolated  be¬ 
tween  those  of  GaAs  and  InAs  after  correcting  for 
the  effect  of  strain.  Further  details  will  be  pub¬ 
lished  elsewhere  [8]. 

The  enhancement  of  the.se  measured  mobilities 
over  the  lattice  matched  value  are  plotted  in  fig.  1 
as  open  squares.  The  sudden  drop  of  enhancement 
beyond  x  =  0.8  is  believed  to  be  due  to  the  devel¬ 
opment  of  misfit  dislocations. 

The  alloy  scattering  limited  mobility  in  a  2DEG 
channel  is  given  theoretically  by  [9]: 


ni*^S2x(\  -  x)S(AU)'  + 

where  is  the  volume  of  the  primitive  cell.  S  is 
the  degree  of  randomness.  ilU  is  the  alloy  scatter¬ 
ing  potential,  and  and  are  depth  parame¬ 
ters  related  to  the  extent  of  the  wave  function  in 
the  2DEG  channel  obtained  here  by  using  the 
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triangular  potential  approximation.  The  calculated 
enhancement  of  lattice  matched  value 

is  plotted  as  solid  symbols  in  fig.  1  assuming 
S=  1.  Since  w*  is  nearly  constant  in  our  samples, 
most  of  the  enhancement  arises  from  the  alloy 
composition  factor  je(l— x).  The  observed  en¬ 
hancement  is  seen  to  be  considerably  larger  than 
the  calculated  enhancement  for  The  dis¬ 
crepancy  is  too  large  to  be  reconciled  by  possible 
dependences  of  AU  and  ionized  impurity  scatter¬ 
ing  on  X  [10].  A  possible  explanation  is  increasing 
degree  of  alloy  ordering  ( S  <  1 )  in  these  samples. 

Record  high  mobilities  achieved  in  these  sam¬ 
ples  enabled  us  to  observe  quantum  interference 
in  GalnAs  for  the  first  time.  Large  h/e  Aharo- 
nov-Bohm  oscillations  with  periods  of  13.5  and 
25  G  were  observed  at  0.4  to  1.9  K  in  two  differ¬ 
ent  square  ring  structures  of  0.45  /nm  wide  ridges 
1.8  and  1.3  /xm  long  on  each  side.  These  rings  were 
fabricated  by  electron-beam  lithography  on  a 
pseudomorphic  sample  with  x  =  0.80  and  a  4  K 
mobility  of  154.000  cmVV  •  s.  Comparative  stud¬ 
ies  using  this  and  the  AIGaAs/GaAs  hetcrostruc- 
ture  system  should  allow  us  to  answer  some 
fundamental  questions  related  to  the  quantum  in¬ 
terference  effects. 


4.  Conclusion 

Three  different  means  of  reducing  alloy  scatter¬ 
ing  in  GalnAs  have  been  studied  by  MBE  growth. 
In  each  case,  a  record  high  mobility  has  been 
achieved.  The  best  results  are  obtained  by  using 
very  In  rich  GalnAs  strain  compensated  hetero¬ 
structures.  For  samples  with  highly  degenerate 
2DEG.  the  improvement  of  mobility  is  .seen  to 


arise  mostly  from  the  alloy  composition  factor 
x(l  —  x)  and  possibly  from  the  increased  degree 
of  alloy  ordering  rather  than  from  the  reduction  of 
m*.  This  type  of  heterostructure  is  very  promising 
for  very  high  speed  transistors.  Small  enhance¬ 
ment  of  mobility  has  also  been  demonstrated  for 
vicinal  (110)  growth.  This  unconventional  sub¬ 
strate  orientation  is  interesting  for  novel  devices 
and  for  its  demonstrated  ability  to  provide  greater 
threshold  voltage  uniformity  [11].  High  mobility 
has  also  been  demonstrated  for  the  first  time  in  an 
InAs/GalnAs  superlattice  channel.  This  structure 
is.  however,  not  yet  competitive  with  pseudomor¬ 
phic  heterostructures. 
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High  electron  density  and  mobility  in  single  and  double  planar  doped 
InGaAs/InAlAs  heterojunctions  on  InP 

F.  Gueissaz,  R.  Houdre  and  M.  Ilegems 

fnstitut  de  Micro-et  Optoelectronique,  Ecote  Potylechnique  Federate  de  Lausanne,  CH-J015  Lausanne,  Switzerland 


We  present  results  of  a  growth  study  concerning  the  electrical  properties  of  lattice  matched  InAIGa/InGaAs  single  planar  doped 
(SPD)  and  double  planar  doped  (DPD)  heterostructures  grown  on  InP  by  molecular  beam  epitaxy  (MBE).  It  is  shown  that  room 
temperature  electron  mobilities  (/*h)  ^  Wgh  as  11000  cmVv-s  at  high  sheet  densities  of  2.8x10'^  cm“^  can  be  obtained  by 
optimizing  the  growth  temperatures  of  each  material  in  the  SPD  structure.  High  performance  two-dimensional  electron  gas  field 
effect  transistors  (TEGFETs)  are  demonstrated,  with  transconductances  as  high  as  420  mS/mm  at  1  pm  gatelength  and  /^-’s  of  46 
GHz  at  0.7  pm  gatelength.  The  DPD  heterostructures  further  boost  the  n^  values  up  to  6.2x10'^  cm'^  at  pn  (300  K)  =  6000 
cmVV  ■  s. 


I.  Material  growth 

All  samples  used  in  the  present  study  have  been 
grown  in  a  VG  V80H  solid  sources  MBE  system. 
Sumitomo  InP;Fe  {001}  ±0.5°  substrates  were 
loaded  without  any  substrate  preparation,  as  bet¬ 
ter  results  in  terms  of  defect  density  and  surface 
morphology  have  been  obtained  in  this  manner, 
without  significant  difference  in  the  electrical 
properties  of  modulation  doped  heterostructures. 

The  growth  temperature  was  measured  with  a 
0.95  /xm  IRCON  Modline  V  pyrometer,  which  was 
calibrated  against  the  melting  point  of  InSb  at 
525  °c  and  the  oxygen  desorption  temjjerature  from 
GaAs  at  630  °C.  Prior  to  growth,  the  substrates 
were  heated  up  to  500-505  °C  under  arsenic  flux 
for  a  few  minutes  and  growth  was  initiated  when 
surface  reconstruction  lines  could  be  observed  by 
RHEED.  The  temperature  was  subsequently  ad¬ 
justed  to  the  desired  values  for  the  different  ternary 
alloys.  Fast  temperature  transients  of  up  to  50  °C 
in  less  than  40  s  were  obtained  by  following  a 
carefully  calibrated  substrate  heater  power  sched¬ 
ule. 

Undesired  flux  transients  at  the  opening  of 
K-cells  have  been  reduced  from  5%  down  to  0.5% 
by  increasing  the  cell  temperature  set  point  at  the 


opening  of  the  shutter.  Prior  to  growth,  the  group 
III  element  fluxes  were  measured  with  an  ion 
gauge.  Although  we  do  not  believe  in  absolute  flux 
measurements  by  this  method,  we  found  the  in¬ 
dium  over  gallium,  or  indium  over  aluminium 
beam  equivalent  pressure  (BEP)  ratios  to  give  a 
reliable  indication  of  the  alloy  compositions.  The 
group  III  fluxes  were  then  finely  tuned  by  using  a 
previously  calibrated  >■/(!  —  y)  versus  In/Ga  or 
In/Al  BEP  curve,  where  y  is  the  InAs  content 


Fig.  1.  004  X-ray  rocking  curve  of  a  1  /»m  thick  InGaAs  layer 
grown  on  InP. 
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measured  by  four  crystal  high  resolution  X-ray 
diffraction  (HRXD).  A  single  K-cell  generated  the 
arsenic  flux  and  the  growth  rate  was  kept  constant 
at  0.65-0.7  )jim/h.  With  this  procedure,  lattice 
parameter  control  and  reproducibiUty  to  better 
than  500  ppm  could  be  achieved. 

The  good  material  quality  has  been  evidenced 
by  004  X-ray  rocking  curves  with  a  full  width  at 
half  maximum  of  25  arc  sec  for  1  (itn  thick  In- 
GaAs  (fig.  1).  This  value  is  very  close  to  the 
theoretical  one  [1]. 


2.  Sample  design  and  device  fabrication 

We  consider  here  three  different  single  planar 
doped  (SPD)  samples  labeled  A,  B  and  C  as  well 
as  one  double  planar  doped  (DPD)  sample  labeled 
D.  The  labels  follow  the  increasing  order  of  elec¬ 
tron  sheet  densities  measured  on  the  samples. 

Fig.  2  (left)  shows  the  structure  of  samples  A 
through  C,  which  consisted  of,  starting  from  the 
InP ;  Fe  substrate  interface,  a  4000  A  InAlAs 
buffer  layer,  a  500  A  InGaAs  channel  layer,  a  70 
A  (sample  A)  or  50  A  (samples  B  and  C)  InAlAs 
channel  spacer  layer,  a  Si  doping  plane  containing 
6.0  X  10'^  cm“^  (samples  A  and  C)  or  5.2  X  10'^ 
cm“^  (sample  B)  donors,  a  200  A  InAlAs  un¬ 
doped  top  layer  and  a  50  A  n*-InGaAs  cap  layer 
(fully  depleted).  Samples  A  and  C  were  grown  at  a 
constant  temperature  of  530  °  C  while  the  temper¬ 
ature  of  sample  B  was  lowered  to  500  °C  prior  to 
growing  the  InGaAs  channel  layer  and  kept  con¬ 
stant  for  the  remaining  layers. 

Fig.  2  (right)  shows  the  structure  of  sample  D, 
which  consisted  of,  starting  from  the  InP :  Fe  sub¬ 
strate  interface,  a  4000  A  InAlAs  buffer  layer,  a 


n+  '  Ino  S3Gao  47As  - 

—  50A 

50A 

200A 

70A 

ino  wAlo  4«As  \ 

200A 

_  50<7oA 

APOz^^ 

>no  S3Gao  47As 

500A 

200A 

APDi 

70A 

fno  S2A1o  4eAs  /  4000A 
(grown  on  lnP;Fe) 

Ino  S2AtQ  «8As  '  4(K)0A 
(grown  on  (nP;Fe) 

StmplM  A  through  C 

Sampio  0 

Fig.  2.  Layer  design  of  single  planar  doped  samples  A  through 
C  (left)  and  double  planar  doped  sample  O  (right). 


first  Si  doping  plane  containing  2.8  x  10'^  cm“^ 
donors,  a  first  70  A  InAlAs  channel  spacer  layer,  a 
200  A  InGaAs  channel  layer,  a  second  70  A 
InAlAs  channel  spacer  layer,  a  second  Si  doping 
plane  containing  6.0  X  lO'^  cm“^  donors,  a  2(X)  A 
InAlAs  top  undoped  layer  and  a  50  A  n  "^-InGaAs 
cap  layer  (fully  depleted).  The  growth  tempera¬ 
tures  for  the  InAlAs  and  InGaAs  layers  were  535 
and  485  ®C,  respectively. 

Schottky  diodes  for  the  capacitance  versus  bias 
measurement  were  made  on  sample  A  and  D  by 
Ti/Au  (500  A/45(X)  A)  evaporation  after  recess¬ 
ing  approximately  90  A  from  the  surface.  The 
necessary  side-ohmic  contacts  were  made  by 
Ni/Ge/Au/Ti/Au  evaporation  and  followed  by 
an  alloy  cycle  at  360  °C  under  protective  atmo¬ 
sphere. 

Chips  containing  0.7  to  5  jam  gatelength 
TEGFET’s  were  fabricated  on  all  samples  by  a 
standard  process  using  optical  UV  lithography 
and  consisting  of  mesa  etching,  Ni/Ge/Au/Ti/ 
Au  ohmic  contact  deposition  and  alloying  at 
360  °C,  electrically  controlled  gate  recess  etching, 
TlAu  gate  overlay  metal  deposition. 

All  access  pads  were  designed  for  on-wafer 
probing  with  50  12  tapered  waveguides.  This  tech¬ 
nique  allows  accurate  C(K)  measurements  and 
microwave  measurements  up  to  18  GHz  on 
TEGFETs. 


3.  Electrical  characterization  at  low  field 

The  electron  sheet  densities  (n^)  measured  by 
Hall  effect  are  nearly  constant  for  temperatures 
between  1 3  and  77  K  with  a  small  increase  of  less 
than  5%  toward  300  K.  The  n,  values  at  3(X)  K  for 
samples  A,  B  and  C  are  2.6  X  10'^  2.8  X  10'^  and 
2.9  X  10'^  cm“^,  respectively.  It  follows  that  in¬ 
creasing  the  InAlAs  channel  spacer  layer  from  50 
to  70  A  reduces  by  about  10%.  The  slight 
difference  of  Oj  between  samples  B  and  C  is  due 
to  a  small  doping  variation.  Sample  D,  having  an 
additional  Si  doping  plane  underneath  the  chan¬ 
nel,  exhibits  the  highest  n,  of  6.2  X  10'^  cm“^  at 
300  K. 

A  relatively  weak  (<5%  change  in  nj  per¬ 
sistent  photoconductivity  (PPC)  effect  was  ob- 
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served  on  all  four  samples  at  13  K.  After  illumina¬ 
tion  at  13  K,  the  typical  decay  time  constants  are 
of  the  order  of  an  hour.  The  value  itself  and 
the  An^  observed  in  PPC  do  not  seem  to  be 
affected  by  the  growth  temperature  between  485 
and  535  °C. 

Fig.  3  shows  the  electron  mobilities  in  the  In¬ 
GaAs  channel  as  a  function  of  the  temperature  for 
samples  A  through  D.  The  highest  mobilities  are 
obtained  from  sample  A  which  has  the  widest 
InAlAs  channel  spacer  layer  of  70  A,  the  room 
temperature  mobility  is  11300  cmVV  •  s  and 
rapidly  saturates  below  77  K  to  attain  51000 
cm^/V  ■  s  at  13  K.  The  mobilities  above  77  K  are 
primarily  limited  by  optical  phonon  scattering 
whereas  the  saturation  characteristics  toward  lower 
temperatures  is  clearly  due  to  alloy  disorder 
scattering  which  is  about  maximum  for  lattice 
matched  InGaAs.  These  mobilities  are  among  the 
highest  reported;  higher  values  can  be  obtained 
either  at  lower  electron  sheet  densities  of  by  grow¬ 
ing  strained  InGaAs  channels  [2,3].  Reducing  the 
channel  spacer  from  70  to  50  A  in  sample  C 
strongly  affects  the  mobility  characteristics,  the 
room  temperature  value  dropping  to  8400  cm^/V  • 
s  and  reaching  21000  cm^/V  ■  s  at  13  K.  Sample  B 
has  the  same  structure  as  sample  C  but  exhibits 
mobilities  almost  as  high  as  sample  A,  indicating 
that  the  crystalline  quality  of  the  InGaAs  channel 
is  improved  at  the  lower  growth  temperature.  The 
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Fig.  3.  Electron  mobilities  of  samples  A  through  D  as  a 
function  of  the  temperature  from  13  to  300  K. 


Fig.  4.  Capacitance  versus  bias  of  a  single  planar  doped  sample 
(A)  and  a  double  planar  doped  sample  (D). 


room  temperature  mobility  of  sample  D  is  de¬ 
creased  to  6000  cm^/V  •  s  and  reaches  1 1 200 
cm^/V  •  s  at  13  K.  These  figures  are  fairly  good  if 
one  considers  the  extremely  high  involving 
electron  filling  of  more  than  two  energy  subbands, 
and  the  thin  InGaAs  channel  confining  the  bidi- 
mensional  electron  gas  near  the  inverted  heteroin¬ 
terface. 

The  comparison  of  PPC  effects  on  the  mobility 
shows  that  the  Aft„  is  positive  and  smaller  than 
4%  for  all  samples  excepting  sample  B  (  —  1.8%) 
having  the  planar  doped  InAlAs  layer  grown  at 
500  °C.  Higher  growth  temperatures  for  the  In¬ 
AlAs  are  thus  necessary  to  insure  good  interfaces 
and  efficient  Si  atom  incorporation. 

Fig.  4  shows  capacitance  measurements  at  300 
K  and  1  MHz  as  a  function  of  the  potential 
applied  on  a  Schottky  diode  processed  on  sample 
A  (SPD)  and  sample  D  (DPD).  Samples  A  and  D 
are  compared  since  they  have  the  same  structure 
from  the  top  heterointerface  to  the  cap  layer.  Both 
curves  integrated  from  the  threshold  voltage  to  0 
V  yield  values  close  to  the  results  obtained  by 
Hall  effect.  The  average  2DEG  capacitance  is 
about  3.8  X  10“’  F/cm’  which  yields  an  average 
distance  of  about  290  A  between  the  2DEG  and 
the  Schottky  barrier,  in  good  agreement  with  the 
expected  values.  The  broad  plateau  on  the  char- 
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acteristics  of  sample  D  accounts  for  the  very  high 
which  can  be  modulated  while  maintaining  an 
excellent  confinement  in  the  InGaAs  channel. 

Computer  simulations  of  the  versus  bias 
dependence  for  samples  A  and  D  using  a  self-con¬ 
sistent  resolution  of  the  Schrodinger  effective  mass 
equation  coupled  with  the  Poisson  equation  [4]  at 
different  potentials  at  the  Schottky  interface 
agreed  very  well  (within  10%)  with  the  experimen¬ 
tal  values  of  n^.  Further,  these  show  that  two 
energy  subbands  are  normally  filled  in  the  SPD 
structure,  whereas  three  are  filled  in  the  DPD 
structure.  The  electron  mobilities  in  sample  D 
could  be  reduced  by  the  increased  intersubband 
scattering  effects,  and  alloy  disorder  scattering 
effects,  which  are  also  dependent  on  the  n,  [5]. 


4.  Electrical  characterization  of  TEGFETs 

DC  measurements  on  1  gm  galelength  TEG¬ 
FETs  yielded  saturation  mode  (Kjjs=l-2  V) 
iransconductances  as  high  as  420,  410  and  360 
mS/mm  for  samples  A.  B  and  C  respectively. 

Fig.  5  shows  the  typical  transfer  characteristics 
of  1  gm  gatelength  TEGFETs  processed  out  of 
sample  A.  TEGFETs  with  0.7  x  100  gm^  gate- 
length  times  width  have  been  measured  at  micro- 
wave  frequencies  from  to  1  to  18  GHz.  A  13-ele¬ 
ment  equivalent  electrical  model  was  used  to  fit 
the  measured  scattering  parameters  with  excellent 
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Fig.  5.  Transfer  characlerrstics  of  a  1  gm  gatelength  TEGFF.T. 
at  >=  1  V,  proces.sed  on  a  single  planar  doped  sample  (A). 


agreement.  The  extrapolated  current  gain  and 
maximum  power  gain  cutoff  frequencies  were  as 
high  as  46  and  82  GHz. 

The  DC  TEGFETs  characteristics  are  in¬ 
fluenced  both  by  the  intrinsic  material  parameters 
and  by  the  processing  technology  (gate  recess  and 
Schottky  barrier).  An  effort  was  made  to  keep  the 
technological  parameters  constant  so  as  to  obtain 
identical  threshold  voltages  for  all  TEGFETs.  The 
peak  transconductances  occur  at  typically  140 
mA/mm  drain  current  for  both  samples  B  and  C, 
as  expected  since  both  structures  are  identical. 
However,  the  peak  transconductance  of  sample  A, 
with  a  70  A  channel  spacer,  occurs  at  220  mA/mm 
drain  current,  indicating  that  more  carriers  can  be 
modulated  with  an  equally  high  transconductance 
compared  to  sample  B,  with  a  50  A  channel  spacer. 
This  indicates  that  parallel  conduction  (resulting 
in  a  decrease  of  modulation  efficiency  degrading 
the  transconductance  [6.7])  in  the  top  InAlAs 
layers  of  sample  A  is  not  significant  up  to  higher 
bidimensional  electron  densities.  Samples  B  and  C 
should  intrinsically  attain  their  maximum  trans¬ 
conductance  values  at  drain  currents  of  at  least 
220  mA/mm  because  of  the  reduced  spacer  thick¬ 
ness  used.  The  lower  values  encountered  here  are 
attributed  to  an  improper  adjustment  of  the  gate 
recess  and  hence  of  the  threshold  voltage.  Finally, 
we  observe  that  the  reduced  electron  mobility  of 
sample  C  will  mainly  increase  the  access  resis¬ 
tances  to  the  channel  and  degrade  the  transcon¬ 
ductance  characteristics. 

Sample  D  showed  a  very  broad  peak  of  trans¬ 
conductance  as  expected  from  the  capacitance 
versus  potential  measurements.  However,  we  were 
confronted  with  the  low  breakdown  voltage  of  the 
Schottky  gates  on  AllnAs  (typically  2. 5-3. 5  V). 
The  threshold  voltage  of  TEGFETs  processed  on 
sample  D  is  about  -  2.7  V  and  unacceptable  gate 
to  drain  potentials  are  required  to  achieve  pinch- 
off  of  the  channel  in  the  saturation  mode.  More¬ 
over.  the  drain  current  characteristics  of-  the 
TEGFETs  did  not  saturate  properly,  while  the 
transfer  characteristics  showed  a  steady  increase 
of  the  peak  transconductance  as  the  drain  poten¬ 
tial  wa.s  rai.sed  (up  to  breakdown).  It  is  clear, 
therefore,  that  a  further  optimization  of  the  dou¬ 
ble  planar  doped  heterostructure  is  necessary  to 
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fully  exploit  the  high  values  achievable  with 
this  design. 

5.  Conclusions 

Growth  parameters  such  as  substrate  tempera¬ 
ture  and  design  parameters  such  as  spacer  thick¬ 
ness  have  a  determining  influence  on  the  electrical 
properties  of  TEGFETs.  These  have  to  be  simulta¬ 
neously  optimized  in  order  to  yield  high  perfor¬ 
mance  two-dimensional  electron  gas  heterostruc¬ 
tures. 

The  single  planar  doped  TEGFETs  realized 
exhibit  current  gain  cutoff  frequencies  and  power 
gain  characteristics  which  are  among  the  best  re¬ 
ported  for  0.7  /im  gatelength  devices. 
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High  quality  GalnAs/AlGalnAs/AlInAs  heterostructures  on  Si  ion 
implanted  semi-insulating  InP  substrates  for  novel  high  performance 
optical  modulators 
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The  wide  ra  .ge  of  conduction-band  discontinuity  available  in  the  GalnAs/AlGalnAs/ AllnAs  material  svstem  has  enabled  us  to 
demonstrate  high  sensitivity,  high  speed  optical  modulators  and  .switches  ha.sed  on  the  band  filling  effect  in  the  novel  hUK'kaded 
resersoir  and  quantum  well  electron  transfer  structure  (BRAQWETS).  As  phase  modulators,  these  devices  also  offer  linear  response 
and  very  low  attendant  absorption  modulation.  High  quality  samples  have  been  obtained  on  Si  *  implanted  InP:  Fe  substrates  which 
Will  permit  predefiniiion  of  conduction  patterns  for  optoelectronic  integration.  Rxpcnmental  results  and  design  principles  are 
presented. 


I.  Introduction 

The  ability  of  MBE  to  grow  complex,  high 
quality  GalnAs/AIGalnAs/ AllnAs  heterostruc¬ 
tures  on  InP  offers  opportunities  to  create  novel 
bandgap  engineered  optoelectronic  devices  for  the 
important  spectral  range  of  1.3  to  1.6  /im.  This 
material  combination  has  several  attributes  that 
are  of  fundamental  importance  to  optoelectronic 
devices;  namely,  large  conduction-band  discon¬ 
tinuities  (typically  0.5  eV),  high  room- temperature 
mobilities  (greater  than  10,000  cmVV  ■  s),  and  an 
optically  transparent  substrate.  A  novel  blockaded 
reservoir  and  quantum  w'ell  electron  transfer 
structure  (BRAQWETS)  made  possible  by  this 
versatile  materials  technology  is  de.scribed  in  thi.s 
paper.  BRAQWETS  makes  it  po.ssible  for  the  first 
time  to  synchronously  control  the  charge  den.sily 
in  multiple  quantum  w'ells.  The  related  band  fill¬ 
ing  effect  gives  ri.se  to  strong  electroabsorption  at 


*  Current  address:  Fachhereich  Physik.  Universitai  Oorl- 
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wavelengths  above  the  absorption  edge  and  to 
strong  electrorefraction  below  the  absorption  edge. 
Experimental  results  indicate  that  for  a  given  ab¬ 
sorption  loss  the  maximum  achievable  phase  shift 
in  a  waveguide  is  one  order  of  magnitude  gr  'ater 
than  what  is  possible  in  a  quantum  confined  Stark 
effect  (QCSE)  modulator  containing  similar  quan¬ 
tum  wells.  Con.sequently.  we  are  able  to  achieve 
180°  phase  shift  in  a  compact  waveguide  struc¬ 
ture  with  low  absorption  loss  and  very  low  atten¬ 
dant  absorption  modulation.  Furthermore,  the 
electric  field  dependence  of  dn  in  BRAQWETS 
devices  is  linear  rather  than  quadratic.  In  contrast 
to  carrier  injection  type  devices,  the  absence  of 
holes  in  BRAQWETS  makes  it  low  in  power  con¬ 
sumption  and  high  in  response  .speed.  These  prop¬ 
erties  can  be  used  to  advantage  in  intersecting 
waveguide  optical  switches.  These  device  struc¬ 
tures  have  been  grown  with  high  quality  on  Si  ion 
implanted  semi-insulating  InP.  This  technique 
would  allow  the  fabrication  of  optoelectronic  in¬ 
tegrated  circuits  on  substrates  with  predefined 
conduction  patterns.  Finally,  we  consider  the  speed 
and  sensitivity  of  BRAQWETS  devices  and  their 
optimization. 
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2.  Device  structure  and  experimental  results 

The  energy-band  diagrams  under  (a)  equi¬ 
librium,  and  (b)  strong  forward  bias  for  two  peri¬ 
ods  of  prototype  BRAQWETS  are  shown  in  fig.  1. 
Each  period  comprises  an  electron  reservoir  (R^  + 
/?j,)  of  lattice  matched  AlGalnAs  (1.00  to  1.06  eV 
band  gap)  doped  with  Si  to  1  to  3  x  10'*  cm"' 
with  a  total  thickness  of  28  to  50  nm,  a  10  to  26 
nm  undoped  spacer  layer  (S)  of  the  same 
quaternary  material,  an  undoped  7  to  9  nm  quan¬ 
tum  well  (W)  of  Ga„47lnu5jAs,  and  a  32  to  72  nm 
blocking  barrier  (B)  of  Alo4j|ln(,  5,  As.  The  block¬ 
ing  barrier  is  undoped  except  for  a  15  nm  region 
near  the  center  where  it  is  doped  with  Be  to  1.24 
to  2.5  X  10'*  cm  " '.  The  two  ends  of  this  building 
block  are  securely  anchored  in  the  Fermi  level 
owing  to  the  n  doping.  The  identical  and  well 
defined  boundars'  conditions  on  each  end  permit 
repeated  stacking  of  the  basic  peritxi.  The  de¬ 
pleted  p  doping  in  the  blocking  barrier  induces 
partial  depletion  of  the  reservoir  and  appropriate 
band  bending  in  the  spacer  and  the  quantum  well. 
Each  waveguide  sample  contains  five  to  eight  peri¬ 
ods  of  BRAQWETS.  terminating  at  both  ends  in  a 
60  nm  reservoir  followed  by  an  n*-doped  super¬ 
lattice  grading  layer,  and  an  n’  AllnAsrSi  clad- 


Tig.  1.  F.nergy-hand  diagrams  for  two  pencxis  of  BRAQWKTS: 
(a)  at  ecjuilihrium  and  (b)  under  large  forward  bias  Ry,. 

electron  re.servoir.  S:  spacer;  W.  quantum  well;  B:  bltKrkmg 
barp-cr)  (c)  Small  signal  equivalent  circuit. 


ding  layer.  The  top  surface  of  each  device  is 
further  capped  with  30  nm  of  quaternary 
layer  to  facilitate  ohmic  contact.  Tlie  absence  of 
free  holes  in  the  device  helps  minimize  the  optical 
waveguide  loss. 

Under  forward  bias  (fig.  lb),  the  external  volt¬ 
age  is  divided  exactly  equally  among  all  periods 
and  the  transfer  of  electrons  from  reservoirs  to 
quantum  wells  takes  place  synchronously.  The 
leakage  current  is  identical  from  period  to  period 
and  remains  small  (less  than  2.5  /i  A  for  a  100  X  200 
jam'  mesa  for  bias  voltages  between  —2  and  -1-4 
V)  owing  to  the  high  blocking  barrier. 

The  MBE  growth  was  carried  out  at  a  substrate 
temperature  of  ~  500  °  C.  The  lattice  mismatches 
for  AllnAs,  AlGalnAs.  and  GalnAs  were  kept 
well  within  2  x  10"'  by  using  five  precalibrate J 
group  III  effusion  cells  including  one  for  In.  two 
for  Ga,  and  two  for  Al.  Mesa  diodes  (some  with 
an  80  jam  diameter  optical  window)  1  rib  W'ave- 
guides  were  subsequently  fabricated  by  standard 
photolithography  and  lift  off  techniques.  Since  the 
refractive  index  of  InP  is  lower  than  those  of  all 
the  epitaxial  layers  used,  we  find  it  necessary  to 
limit  the  thickness  of  the  bottom  cladding  layer  to 
-0.25  jjm  to  avoid  multimoding  in  the  wave¬ 
guide.  To  facilitate  priKessing  of  the  bottom  ohmic 
contact  when  a  semi-insulating  substrate  is  used  in 
the  interest  of  minimizing  parasitic  capacitance 
and/or  future  optoelectronics  integration,  we  in¬ 
troduce  an  -  O.S  jim  conducting  surface  layer  to 
the  pre-etched  substrate  by  Si  ion  implantation. 
The  implant  is  activated  at  775 °C  for  15  s  and 
then  a  —0.2  /xm  laye  is  removed  by  chemical 
etching  before  the  substrate  is  loaded  into  the 
MBE  system.  We  have  been  able  to  obtain  devices 
on  this  type  of  substrates  with  quality  equivalent 
to  those  grown  on  lnP;S.  This  technique  will 
allow  us  to  predefine  conduction  patterns  on 
semi-insulating  substrates  for  optoelectronic  in¬ 
tegration. 

A  differential  absorption  spectrum  (DAS)  for  a 
five-period  samples  measured  at  normal  incidence 
is  shown  in  fig.  2  as  a  dashed  curve.  It  gives  the 
change  of  ab,sorption  coefficient  Aa  (all  a.ssigned 
to  the  quantum  wells)  for  a  bias-voltage  swing  of 
2-6  V.  The  steepness  of  the  low  energy  edge 
attests  to  the  synchronousness  of  band  filling  in 
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F«g.  2.  Measured  Aa  for  2-6  V  modulalion  of  ihe  bias  <dashed 
cur\c)  and  the  corresponding  An  calculated  from  Kramers- 
Kronig  transformation  (solid  curve).  The  asterisks  are  inter- 
feromeincallv  measured  data  points. 

all  five  quantum  wells.  Further  details  on  DAS 
have  been  given  elsewhere  [1.2]. 

In  the  waveguide  configuration,  we  obtain  a  22 
dB  change  of  transmitted  intensity  at  1.539  /rm  for 
a  bias  voltage  swing  from  -2  to  7  V  for  a  1.04 
mm  long  device  fabricated  from  a  five-period  pro¬ 
totype  BRAQWF.TS.  The  experimental  data  are 
shown  in  fig.  3.  The  propagation  lo.ss  in  the  "on" 
state  is  3  dB. 

The  induced  change  of  refractive  index  for 
2  6V  voltage  excursion  (corresponding  toJ6.'  = 


9.3  X  10'*  V/cm)  calculated  from  Aa  by  Kra¬ 
mers- Kronig  transform  is  shown  as  the  solid  curve 
in  fig.  2.  The  calculated  value  of  |  |  at  0.775  eV 

(0.031  eV  below  the  heavy  hole  exciton  at  2  V 
bias)  is  0.04  (in  quantum  wells  only).  This  is  4.3 
times  larger  than  An  available  from  QCSE  for 
similar  quantum  wells  and  the  same  electric  field 
[3].  Direct  measurements  of  An  were  also  carried 
out  by  inserting  the  sample  in  a  high  contrast 
tunable  Mach-Zehnder  interferometer.  The  mea¬ 
sured  values  are  plotted  in  fig.  2. 

The  dependence  of  An  on  the  bias  voltage  was 
found  to  be  linear  over  a  wide  voltage  range  once 
the  quantum  wells  started  to  fill.  Below  this 
threshold.  An  was  negligibly  small.  The  values  of 
the  threshold  voltage  was  adjustable  by  varying 
the  spacer  layer  thickness  and/or  the  p-type  dop¬ 
ing  in  the  blocking  barrier  [1.2]. 

Monolithic  Mach-Zehnder  interferometers  with 
5  (ini  wide  rib  waveguides  have  been  fabricated. 
The  active  regions  are  electrically  isolated  by  ion 
bombardment.  Shown  in  fig.  4  are  the  depen¬ 
dences  of  the  transmitted  intensity  at  1.58  gm  as  a 
function  of  bins  voltage  applied  to  one  arm  of  the 
interferometer  for  active  lengths  of  350  and  650 
fini.  For  the  latter,  the  voltage  swing  reqi’”  .d  to 
produce  180°  phase  shift  is  5,4  V.  Recent  studies 
show  that,  by  using  a  more  optimized  layer  struc¬ 
ture  and  by  increasing  the  number  of  BRAQ- 
WETS  period  from  five  to  eight,  the  voltage- length 
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P  ig.  .V  Transmitted  intensity  as  a  function  of  bias  voltage  for  a 
1  ()4  mm  long  waveguide  with  3dB  propagation  loss  in  the 


“on"  slate. 


Fig.  4.  Output  intensity  of  Mach  -Zehnder  rib  waveguide  inter¬ 
ferometer  as  a  function  of  applied  voltage  at  1.58  pm  wave¬ 
length  for  two  different  active  lengths,  650  and  ?50  ^m. 
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product  for  180°  phase  shift  can  be  an  order  of 
magnitude  smaller  than  what  has  been  achieved 
previously  by  using  bulk  semiconductor  layers. 
Preliminary  results  also  show  BRAQWETS  to  be 
effective  for  fabricating  intersecting  waveguide 
optical  switches.  Owing  to  the  absence  of  holes, 
BRAQWETS  based  switches  are  expected  to  be 
vastly  faster  and  require  much  less  power  than 
current-injection  switches. 

3.  Discussion 

At  moderate  detuning  (25  to  35  meV)  below  the 
heavy  hole  exciton,  phase  modulation  by  QCSE  is 
seriously  encumbered  by  the  induced  absorption 
due  to  the  red  shifting  absorption  edge.  In  con¬ 
trast.  the  absence  of  induced  absorption  below  the 
band  gap  (since  the  absorption  edge  blue  shifts) 
makes  BRAQWETS  much  superior  for  phase 
modulators.  The  values  of  two  important  figures 
of  merit,  namely,  An/Ak  (where  dk  =X„iia/4w) 
and  A<^>^  =  (the  phase  shift  induced 

in  one  adsorption  length),  are  both  higher  by  an 
order  of  magnitude  in  BRAQWETS  than  in  QCSE 
for  the  same  amount  of  detuning  below  the  band 
edge  (2-4).  The  difference  is  particularly  striking 
at  high  fields  (  ~  10^  V/cm). 

A  small  signal  equivalent  circuit,  when  the 
quantum  wells  are  at  least  partly  filled,  is  .shown 
in  fig.  Ic.  The  resistance  of  the  reservoir.  /?,.  is 
very  small,  typically  <10  ’  cm’.  The  transfer 
capacitance,  C,,  is  determined  by  the  thickness  of 
the  transfer  barrier  (thickness  of  the  space  layer 
plus  that  of  the  right  depletion  layer  of  the  re- 
-servoir).  while  the  transfer  resistance,  R^,  by  its 
height.  The  blocking  capacitance,  and  the 
blocking  resistance,  R^.  are  similarly  determined 
by  the  combination  of  the  blocking  barrier  and 
the  left  depletion  layer  of  the  reservoir.  The  intrin- 
■sic  speed  of  the  device  is  limited  by  R,C,  which  is 
--  10  "  s  for  present  designs.  This  can  be  reduced 
by  reducing  the  quaternary  band  gap.  It  can  be 
even  more  effectively  reduced  by  stepwise  or  con¬ 
tinuous  grading  of  the  spacer-layer  band  gap.  The 


intrinsic  speed  would  be  significantly  slower  if  the 
electrons  were  required  to  transfer  laterally  over  a 
much  larger  distance  to  and  from  a  source  contact 
located  outside  the  waveguide. 

The  actual  speed  of  a  BRAQWETS  device  is 
given  approximately  by  [( Rj/A ) -H  where 

Rj  is  the  source  resistance  of  the  drive  circuit  and 
N  is  the  number  of  BRAQWETS  period  [2],  If 
R^/N  =  10  12,  then  the  response  time  is  ~  10"'“  s 
for  a  1  mm  long  waveguide. 

Increasing  doping  concentrations  allows  one  to 
reduce  the  doping  layer  thicknesses  and  hence 
increases  the  optical  confinement  factor.  Reducing 
the  blocking  barrier  thickness  also  improves  the 
confinement  factor  and  furthermore  enhances  the 
voltage  sensitivity.  However,  since  is  increased 
as  a  result  of  this,  the  improvement  may  come 
about  at  the  expense  of  the  response  speed  unless 
N  is  increased  at  the  same  time.  To  achieve  the 
highest  possible  speed,  it  would  be  necessary  to 
have  integrated  source  or  emitter  followers  on  the 
same  chip  to  reduce  Rj. 

4.  Conclusions 

High  performance  optical  modulators  and 
.switches  based  on  the  band  filling  effect  in 
BRAQWETS  have  been  demonstrated.  As  phase 
modulators,  this  novel  device  concept  offers  not 
only  high  sensitivity  and  high  speed  but  also  linear 
respon.se  and  very  low  attendant  absorption  lo.ss 
and  absorption  modulation. 
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A  device  perspective  is  applied  to  the  issue  of  critical  layer  thickness  and  the  impact  of  strain  relaxation  on  electrical 
characteristics.  We  have  fabricated  In,  Al,  ,  As/n  '-In„5,Oa|,4,As  HFETs  »ilh  InAs  mole  fractions  in  the  300  A  thick  In,  Al,  ,  As 
insulator  of  .v  =  0.52  (lattice-matching).  0.48.  0.40,  and  0.30.  The  v  =  0.40  and  0.30  samples,  with  thicknesses  greater  than  the  critical 
limit,  show  unidirectional  surface  ridges  that  reveal  misfit  di.slcications  at  the  ln,Al,  ,  As/ln,,  j^Ga„47As  hetero-interface.  Disloca¬ 
tions  arc  found  to  severely  degrade  the  performance  of  devices  when  the  current  in  the  device  flows  perpendicular  to  them.  Excellent 
HFETs  were  obtained  with  current  flow  parallel  to  the  surface  ndges  for  v  =  0.40.  in  spite  of  the  unequiviKal  evidence  of  disUxations 
in  the  devices. 


1.  Introduction 

The  critical  layer  ihicknes.s  of  a  strained  semi¬ 
conductor  layer  is  ultimately  determined  by  its 
application.  For  devices,  performance  is  the  ulti¬ 
mate  goal.  In  many  III-V  semiconductor  devices, 
the  use  of  intentionally  mismatched  layers  has  the 
potential  of  significantly  improving  device  char¬ 
acteristics.  The  appearance  of  misfit  dislocations, 
however,  is  expected  to  degrade  device  perfor¬ 
mance.  but  to  determine  how  much  and  in  what 
manner,  there  is  no  substitute  to  studying  the 
devices  fabricated  using  the.se  mismatched  layers. 

In  an  effort  to  increa.se  the  conduction  band 
discontinuity  in  the  ln,|,;AI(,4KAs/In||4,Ga„47As 
system  (lattice-matched  to  InP),  we  have  strained 
the  In,Al,  ,As  layer  to  negative  mismatch  by 
reducing  its  InAs  fraction.  This  results  in  many 
benefits  to  the  device  characteristics  of  ln,AI,  , 
As/n ‘-In,|,,Ga|,47A.s  HFETs  [1.2].  In  our  struc¬ 
ture  the  In,Al,  ,As  is  undoped,  as  contrasted 
with  the  more  familiar  modulation-doped  FET 
(MODFET).  The  absence  of  dopants  in  the  in,su- 
lator  prevents  some  common  problems  that  plague 
the  MODFET  [1.2];  transconductance  and 
cutoff-frequency  collapse  at  high  gate-source  bias 
from  parasitic  channel  formation,  and  a  reduced 
gate-breakdown  voltage.  Here  we  focus  on  the 


effect  of  mismatch  on  device  performance.  Our 
main  result  is  the  finding  of  strong  orientation 
dependence  in  device  characteristics  beyond  the 
Matthews- Blakeslee  critical  layer  thickness  (3J. 


2.  Experimental 

A  cross  section  of  the  device  structure  is  shown 
in  fig.  I.  Four  wafers  were  grown  by  MBE  in 
MIT’s  Riber  2300  system  with  InAs  mole  frac¬ 
tions  in  the  In.AI,  ,As  gate  insulator  layer  of 
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Fig.  1.  Schemalie  cross  section  of  the  fabricated  In, At,  ,.As/ 
n  *-ln|,.,,Ga,i47As  HFETs. 
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0.52  (lattice-matching),  0.48,  0.40  and  0.30.  The 
starting  material  was  SI  (100)  InP.  The  device 
structure  consists  (from  bottom  to  top)  of  a  1000 
A  undoped  In,,,, Al„4^ As  buffer  layer,  a  100  A 
undoped  In,)5,Gau47As  subchannel,  a  100  A 
heavily  Si  doped  (^[5  =  4x10'“  cm  ’)  ln„5, 
Ga,i47As  channel,  a  300  A  undoped  In^Al,  ,As 
gate  insulator  layer,  and  an  undoped  50  A  In,,,, 
Ga|)47As  cap.  The  subchannel  .serves  as  a  smooth¬ 
ing  layer  to  prevent  the  growth  of  the  active 
channel  directly  on  the  poor  ln|,,7Al„4sAs/In„s, 
Ga„47As  reverse  interface  [4].  The  four  wafers 
were  grown  subsequently  and  device  processing 
was  carried  out  simultaneously.  Device  processing 
is  described  in  ref.  [2]. 

HFKTs  were  fabricated  with  gate-widths  of  30 
fim  and  gate-lengths.  L^.  of  1,  1.5,  2,  3,  5,  and  10 
with  current  flow  along  the  [01 1|  (defined  here 
as  0°  with  respect  to  the  flat),  [001]  (45°).  and 
[01 1 1  (90°  )  directions. 


3.  Results 

Fig.  2  shows  the  channel  sheet  resistance,  /?,,,. 
on  each  of  the  four  wafers  as  a  function  of  orien¬ 
tation.  was  measured  using  the  actual  HFETs 
by  the  all-electrical  floating  gate  transmission-line 
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250 


200 


~  I50i 


too 


50 


~  Lg  - 1 

n - - T - 

■  =4V 

« 

I 

•  0®[0i!( 

0  45®[ooj 

*  90“[0!ii 

lattice 

MATChlUO- 

-1  ■  1  * 

03  04  05 

^nAs  Mole  Froction 

Fig.  y.  plot  of  the  peak  transconductancc  versu.s 
0®.  45®.  and  90® 


for  the 


model  (FGTLM)  technique  [5].  Each  point  repre¬ 
sents  an  average  over  five  FGTLMs,  For  wafers 
with  InAs  mo'e  fractions,  .v.  of  0.52.  0.48.  and 
0.40.  R^f^  remains  constant  at  approximately  850 
Q/O  independent  of  orientation.  However,  upon 
decreasing  .v  from  0.40  to  0.30.  the  channel  sheet 
resistance  increases  for  all  three  orientations, 
showing  a  very  pronounced  orientation_  depen¬ 
dence  with  joi>)  >  [onj- 

Fig.  3  shows  the  average  peak  transconduc¬ 
tance.  over  ten  devices  versus  x  for  the  three 
orientations.  These  values  are  for  devices  with 
nominal  gate-lengths  of  1.5  jam.  measured  at  Fj,  = 
4  V.  The  .V  =  0.52  and  0.48  devices  do  not  show 
any  orientation  dependence.  The  .v  =  0.40  devices 
have  a  high  .source  resistance  and  are  anomalously 
low  in  .A  pronounced  orientation  dependence 
is  seen  for  devices  with  both  v  =  0.40  and  0.30, 
with  Ihc  0°  device  being  the  best  and  the  90° 
device  the  most  degraded.  This  result  applies  re¬ 
gardless  of  1.^  from  1  to  10  /am.  An  additional 
significant  result  is  that  g,„(0°,  .\  =  0.40)  is  189 
mS/mm.  which  is  very  close  to  the  average  g,„  = 
209  mS/mm  of  the  v  =  0.52  sample. 


4.  Discussion 

The  .V  =  0.40  and  0.30  devices  were  grown  with 
thicknesses  greater  than  the  Matthews- Blakeslee 
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critical  layer  limit  [3].  This  suggests  that,  in  these 
devices,  misfit  dislocations  may  be  responsible  for 
the  decrease  in  and  the  appearance  of  orienta¬ 
tion  dependence.  Since  the  presence  of  misfit  dis¬ 
locations  has  been  correlated  to  the  appearance  of 
a  cross-hatched  surface  [8],  we  have  taken  dark 
field  microscope  images  of  the  surface  of  the  four 
wafers  (fig.  4).  Figs.  4a  and  4b  are  the  surfaces  of 
the  X  =  0.52  and  x  =  0.48  wafers,  respectively. 
There  are  no  ridges  or  cross-hatches  on  the  surface. 
Figs.  4c  and  4d  are  the  surfaces  of  the  .v  =  0.40 
and  X  =  0.30  wafers,  respectively.  We  see  the  ap¬ 


pearance  of  a  unidirectional  array  of  surface  ridges, 
faint  and  short,  in  fig.  4c,  and  brighter  and  longer 
in  fig.  4d.  running  along  the  [01 IJ  direction.  This 
is  the  direction  of  current  flow  in  the  better  (0  °  ) 
devices.  We  could  not  distinguish  any  ridges  along 
the  [Oil]  direction,  neither  in  the  Nomarski,  nor  in 
the  dark-field  mode  of  the  microscope.  The  ridges 
could  not  be  imaged  at  higher  magnification,  so  a 
density  count  was  impossible.  Brighter  and  longer 
streaks  would  result  from  greater  surface  relief, 
indicating  a  greater  dislocation  density,  with  a 
greater  bunch  of  dislocations  associated  with  each 


(c)  (d) 


Fig.  4.  Dark-field  optical  microscope  photographs  of  the  surface  of  the  HFET  layer  structure  for  (a)  x  =  0.52,  showing  a  plain 
surface,  (b)  .t  — 0.48  showing  a  plain  surface,  (c)  x~0.40,  showing  the  appearance  of  short  faint  surface  ridges  along  the  |011] 
direction,  and  (d)  x  0.30.  showing  a  dense  umdirectional  array  of  ridges  in  the  |0tl|  direction. 
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surface  streak  [9],  The  unidirectional  hatch  ob¬ 
served  is  consistent  with  that  reported  [6]  for  thin 
strained  samples. 

In  Ill-V  semiconductors,  orthogonal  60°  dislo¬ 
cations  in  the  zinc-blende  lattice  occur  on  differ¬ 
ent  sublattices  and  show  an  asymmetry  relative  to 
each  other  [9].  The  so-called  a  dislocations  have 
an  extra  half  plane  ending  on  a  row  of  group  III 
atoms,  and  the  dislocations  have  an  extra  half 
plane  ending  on  a  row  of  group  V  atoms  (10],  For 
strained  (100)  InGaAs/GaAs,  it  has  been  shown 
that  the  first  dislocations  to  form  are  60  °  a  dislo¬ 
cations  along  the  [011]  direction  [6,7].  For  our 
samples,  in  contrast.  the  dislocations  run  unidirec- 
tionally  along  the  [011]  direction,  perpendicular  to 
the  preferred  dislocation  direction  we  have  seen 
reported  in  the  literature.  However,  these  reports 
]6,7,11]  have  been  done  for  epilayers  under  com¬ 
pression.  i.e.  the  relaxed  lattice  constant  for  the 
epilayer  is  larger  than  that  of  the  substrate.  It  has 
also  been  suggested  that  the  60°  a  and  P  disloca¬ 
tions  should  interchange  directions  when  the  epi¬ 
layer  is  grown  in  tension  [12],  which  is  consistent 
with  our  results,  assuming  that  the  a  dislocations 
still  nucleate  preferentially.  We  believe  we  are  the 
first  to  report  observations  of  this  behavior. 

Our  0°  devices,  which  have  current  flowing 
along  the  dislocations,  are  better  than  our  90° 
devices,  which  have  current  flowing  perpendicular 
to  them.  The  45°  devices  fall  in  between.  Our 
results  are  in  agreement  with  the  findings  of  Sun 
et  al.  [11],  who  report  that  for  mismatched 
In^Ga,  ,As/GaAs,  with  surface  ridges  prefer¬ 
entially  along  the  (Oil)  direction,  the  low-field 
mobility  is  degraded  along  the  [011]  direction,  i.e. 
normal  to  the  lines  of  preferred  (o)  dislocations. 
Esquivel  et  al.  [10]  also  show  a  decrease  in  mobil¬ 
ity  for  current  flow  perpendicular  to  the  a  disloca¬ 
tions. 

Woodall  et  al.  [13]  have  proposed  that  misfit 
dislocations  pin  the  Fermi-level,  depleting  a  cylin¬ 
drical  region  around  them.  Fig.  5  shows  a  sche- 
matical  cross-section  of  the  dislocation  depletion 
regions  in  a  semiconductor  slab  with  misfit  dislo¬ 
cations  running  along  the  [Oil]  direction.  Based 
on  this  figure,  we  can  hypothesize  an  explanation 
for  our  observations;  For  our  0°  devices,  current 
flows  along  the  dislocation  direction  [OTl],  while 


Fig.  5.  A  .schematic  cross-section  of  the  channel  region  of  the 
HFET  under  tension,  showing  the  effect  of  the  depletion 
regions  of  misfit  dislocations  on  current  flowing  parallel  and 
perpendicular  to  them. 


for  our  90°  device,  current  flow  along  [011]  is 
normal  to  it.  If  the  dislocation  density  is  low,  as  in 
the  X  =  0.40  sample,  a  dislocation  would  be  asso¬ 
ciated  with  a  small  depletion  region  in  the  chan¬ 
nel.  If  this  depletion  depth  is  smaller  than  the 
equilibrium  depletion  associated  with  Fermi-level 
pinning  at  the  wafer  surface  or  underneath  the 
gate,  then  should  not  be  affected  by  the 
presence  of  the  dislocations.  However,  the  pinning 
at  the  dislocation  would  prevent  the  gate  voltage 
from  modulating  the  portion  of  the  channel  un¬ 
derneath  it.  This  should  result  in  the  degradation 
of  more  severe  for  current  flow  perpendicular 
to  the  dislocations,  because  of  their  constricting 
effect,  than  for  flow  parallel  to  them.  For  a  higher 
misfit  (such  as  in  the  x  =  0.30  sample),  the  surface 
relief  becomes  more  pronounced,  indicating  a 
greater  bunching  of  the  dislocations  [9],  and  pro¬ 
ducing  depletion  regions  that  exceed  the  depth  of 
the  one  associated  with  the  wafer  surface.  This 
should  result  in  an  asymmetry  in  both  R^t,  and 
Sm' 

InQ4QAlQ(^As/n^-InQ53GaQ47As  devices  with 
Lg=1.5  /*m  and  current  flow  along  the  [011] 
direction  show  excellent  characteristics  in  spite  of 
the  presence  of  misfit  dislocations:  a  reverse 
breakdown  voltage  of  23  V,  a  maximum  drain 
current  of  308  mA/mm,  a  peak  transconductance 
of  189  mS/mm  and  reduced  real-space  transfer  of 
hot  electrons  from  the  channel  to  the  gate  [2].  Our 
result  shows  that  although  dislocations  degrade 
device  performance,  excellent  devices  may  be  ob¬ 
tained  by  orienting  the  current  parallel  to  them,  if 
they  are  sufficiently  sparse. 
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5.  Conclusion 

We  have  studied  the  electrical  properties  of 
strained-insulator  In,  Al,  _  ,As/n*-lno  5^Gao47As 
HFETs  with  the  insulator  composition  below  and 
above  the  Matthews- Blakeslee  criteria  for  disloca¬ 
tion  formation.  For  devices  with  the  ln,AI,  ^,As 
layer  above  its  critical  thickness,  we  see  a  unidirec¬ 
tional  array  of  surface  ridges  and  measure  a  strong 
orientation  dependence  of  peak  transconductance. 
By  aligning  the  current  in  the  direction  of  the 
ridges,  the  impact  of  dislocations  is  greatly  mini¬ 
mized,  resulting  in  excellent  devices,  if  their  den¬ 
sity  is  not  too  high. 
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MBE  growth  of  graded  index  AlGalnAs  MQW  lasers  on  InP 
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AlGalnAs  SCH  MQW  lasers  with  conlinutmsiy  graded  bandgap  active  region  have  been  grown  by  MBF.  lattice  matched  to  InP. 
The  design  of  the  structure  and  the  MBF.  growth  technique  used  to  grow  graded  quaternary  layers  are  reported  in  details.  Improved 
laser  results  are  reported  both  for  broad  area  devices  and  for  buried  ridge  stnpe  processed  Ja.sers.  A  thre.shold  current  density  as  low 
as  821)  A/cm*  is  obtained  for  a  1 180  pm  long  device.  A  record  cw  threshold  current  of  17  mA  is  reported  for  a  AlGalnAs  laser,  with 
a  resonance  frequency  of  6.7  GHz. 


1.  Introduction 

During  the  last  years,  the  GalnAs/ AlInAs 
material  system  has  attracted  considerable  inter¬ 
est.  especially  in  MBE  because  of  the  ea.se  of 
growth  of  these  "arsenide  only"  ternaries  and 
quaternary.  Many  impre.ssive  results  have  been 
obtained  in  the  microelectronic  or  electro-optic 
fields,  but  good  results  have  been  reported  only 
recently  in  the  laser  field  [1-3|.  probably  because 
of  the  relatively  poor  optical  quality  o',  AlInAs 
compared  to  InP, 

We  show  here  how  the  modification  of  the 
standard  SCH  structure  by  avoiding  the  use  of 
AlInAs  near  the  active  region  of  the  lasers  has 
allowed  us  to  obtain  state-of-the-art  threshold  cur¬ 
rent  densities  with  “phosphoru.s-free”  MBE  multi 
quantum  well  structure.s.  using  graded  quaternary 
layers  in  the  optical  guide.  Then  we  explain  how 
we  have  successfully  grown  well  lattice  matched 
linearly  graded  AlGalnAs  layers,  in  spite  of  the 
indirect  flux  control  inherent  to  solid  source  MBE. 
Finally  we  present  recent  results  on  buried  ridge 
stripe  (BRS)  lasers  made  from  these  structures  in  a 
two-steps  process,  including  low  cw  threshold  cur¬ 
rents  and  preliminary  dynamic  mea.surements  of 
these  promising  MQW  lasers. 

In  the  following,  AlGalnAs  quaternary  layers 
lattice  matched  to  InP  will  be  written  as  follows: 
(Ga„47lnn,,As),.,(AI„4|,In„„As),.  where  z  is  the 


quaternary  composition  often  expressed  in  per¬ 
cent. 


2.  Design  of  AlGalnAs  MQW  laser  structure 

The  MQW  graded  index  separate  confinement 
heterostructure  (GRINSCH)  used  in  this  work  is 
detailed  in  fig.  1.  Compared  to  previous  work  on 
MQW  lasers  in  this  material  system  [4-  6].  we  have 
avoided  to  u.se  a  thick  AlInAs  bottom  layer  be- 


Fig.  1.  Detailed  MQW  GRINSCH  laser  structure.  The  n-  and 
p'layers  are  dopied  about  5xl0’’cm“  \  The  n^-InP  .substrate 
and  p*^-GaInAs  contact  layer  are  doped  about  2xl0*’cm"\ 
Other  layers  (active  region)  are  undoped  (n-type  residual  dop¬ 
ing  level  about  2 x  10'^ cm ' '). 
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cause  it  is  likely  to  introduce  a  rough  interface 
between  the  n-type  cladding  layer  and  the  first 
quaternary  guiding  layer.  And  the  presence  of  a 
“bad"  interface  at  this  position  in  the  structure 
should  decrease  the  luminescence  efficiency  of  the 
laser  because  the  dwelling  time  of  the  carriers  in 
the  guiding  layers  is  long  enough  to  give  rise  to 
significant  losses  if  the  non-radiative  lifetimes  in 
these  layers  are  too  short,  or  if  the  recombination 
rates  at  the  interfaces  are  too  high. 

For  these  reasons  we  have  decided  to  use  the 
InP  .substrate  as  n-type  optical  cladding  layer,  and 
we  have  grown  only  a  thin  80%  quaternary  buffer 
layer  of  0.1  ;im  below  the  first  guiding  layer,  in 
order  to  confine  further  the  carriers  in  the  active 
region  and  to  prevent  them  to  be  lost  at  the 
substrate  interface  which  is  always  highly  recom¬ 
binant.  On  the  p-side  of  the  structure  we  have 
grown  symmetrically  a  0.1  ftm  80%  quaternary 
layer  to  separate  the  guiding  layer  from  the  AlInAs 
optical  confinement  layer.  Another  advantage  of 
u.sing  quaternary  instead  of  AllnAs  for  the  buffer 
layer  is  to  minimize  the  injection  problems  which 
might  result  from  the  conduction  band  discontinu¬ 
ity  at  the  InP/AlInAs  interface. 

A  plain  SCH  structure  was  then  difficult  to 
realize,  since  it  needs  to  shift  from  a  80% 
quaternary  layer  to  another  composition  like  50% 
for  the  guiding  region.  We  have  tried  two  different 
solutions,  as  already  reported  [3].  either  by  using  a 
short  period  superlattice  pseudo-alloy  for  the  guid¬ 
ing  layers,  or  by  gradually  modifying  the 
quaternary  composition  between  80%  and  50%'. 
We  report  here  on  the  MBE  growth  of  the  second 
type  of  .structure  ie  the  GRINSCH  one.  which 
gave  the  best  results,  but  which  is  the  most  dif¬ 
ficult  to  realize,  since  it  needs  to  control  the 
growth  of  lattice  matched  quaternary  layers  with 
continuously  graded  composition. 

3.  IVfBE  growth  of  continuously  graded  layers 

We  use  RIBER  2300  equipment,  with  a  home 
made  growth  automation  .software.  The  quaternary 
AlGalnAs  material  is  grown  by  using  two  indium 
sources  In,  and  In,,  which  makes  composition 
tuning  very  easy,  as  described  in  previous  work 


[7],  The  two  ternaries  Gain,  As  and  Alin j  As  can 
be  separately  tuned  for  lattice  matching  with  the 
substrate.  The  quaternary  alloy  GaAlfln,  -t-  In  2 ) As 
is  then  also  lattice  matched,  its  composition  being 
a  function  of  the  growth  rates  of  the  two  ternaries: 

'q  =  'g  +  ''a.  ^  =  '-aAo' 

where  Tq,  and  are  the  growth  rates  of 
Gain, As,  AlInjAs  and  GaAlInAs  respectively, 
and  z  is  the  composition  of  the  quaternary  written 
as  (Gain,  As),._,(AlIn2  As).. 

It  is  obvious  from  the  preceding  equations  that 
one  simple  way  to  grow  linearly  graded  quaternary 
layers  versus  layer  thickness  is  to  ramp  linearly 
and  versus  time  in  opposite  sense,  keeping  /q 
constant. 

At  this  point  it  is  important  to  note  that  this 
kind  of  simple  solution  does  not  work  for  the 
GalnAsP  quaternary  alloy,  because  the  competi¬ 
tion  between  As  and  P  incorporation  turns  out  in 
interdependence  between  GaAs  and  InP  growth 
rates  (8). 

On  the  other  hand,  in  solid  source  MBE.  linear 
ramping  of  growth  rates  is  not  trivial,  because 
growth  rates  are  proportional  to  cell  fluxes  (as¬ 
suming  unity  sticking  coefficients),  but  the  only 
controllable  parameters  during  growth  are  the  cell 
temperatures .  And  the  relationships  between  them 

Tc,:,CC) 


Fig.  2.  Calibrated  correspondence  between  emitted  flux  (BEP) 
and  reciprocal  absolute  temperature  for  a  gallium  cell.  The 
solid  line  is  fitted  on  initial  Hux  measurements.  The  broken 
line  is  deduced  from  one  daily  measurement  and  is  used  to 
compute  actual  corresp<Tndences. 


486 


M.  Allovon  el  al.  /  MBE  growth  of  graded  index  AlGalnAs  MQW  lasers  on  InP 


are  not  linear  but  rather  exponential.  In  order  to 
overcome  the  difficulty  we  proceed  as  follows; 

-  Initial  flux  calibration:  After  opening  the  growth 
chamber  the  values  of  beam  equivalent  pressure 
(BEP)  at  different  temperatures  are  measured  for 
each  group  III  cell.  These  pressure  measurements 
taken  with  an  ion  gauge  located  in  the  substrate 
position,  give  a  good  idea  of  the  atomic  flux 
impinging  at  the  substrate  during  growth,  and  can 
be  considered  to  be  proportional  to  the  growth 
rate  of  the  corresponding  arsenide  if  the  sticking 
coefficient  of  this  element  is  unity.  These  points 
align  on  a  straight  line  in  adequate  coordinates 
(fig.  2)  and  give  an  initial  calibration  of  the  cell 
fluxes. 

Daily  corrections:  During  a  run  which  .asts 
several  weeks,  the  absolute  value  of  the  flux  for  a 
given  temperature  changes  significantly,  so  that  it 
was  found  necessary  to  adjust  daily  this  initial 
calibration  by  measuring  each  morning  only  one 
point  for  each  cell,  assuming  a  constant  slope  for 
the  straight  line.  This  gives  the  broken  line  of  fig. 
2.  which  is  then  used  to  compute  the  actual  corre¬ 
spondence  between  fluxes  and  temperatures,  fn  a 
similar  way  the  linear  relationship  between  the 
cell’s  BEP  and  the  growth  rate  of  the  correspond¬ 
ing  binary,  is  calibrated  using  thickness  and  mis¬ 
match  measurements  of  ternary  layers.  In  practice 
this  procedure  allows  us  to  grow  lattice  matched 
(or  purposely  mismatched)  ternary  layers  of  any 
growth  rate  (and  thus  quaternaries  of  any  desired 
composition)  in  a  reliable  way. 

-  Ramps  with  linear  flux  ftradinfr:  Besides,  this 
method  is  also  usable  to  achieve  linear  ramping  of 
cell  fluxes.  Indeed,  at  any  point  of  a  ramp,  instead 
of  interpolating  the  current  setpoint  between  the 
final  and  initial  temperatures,  it  is  easy  to  do  the 
linear  interpolation  between  the  correspondinft 
fluxes,  computed  in  real  time  using  the  already 
calibrated  correspondences.  This  is  illustrated  in 
fig.  T  The  recording  of  the  actual  cell’s  tempera¬ 
ture  (solid  upper  curve)  departs  from  the  broken 
line  during  the  ramp  becau.se  the  setpoints  are 
computed  to  achieve  linear  ramping  of  the  flux 
and  not  of  the  temperature.  The  result  is  shown  on 
the  bottom  curve  which  is  the  simultaneous  re¬ 
cording  of  the  actual  flux  (BEP)  emitted  by  this 
cell.  It  is  important  to  note  that  in  order  to  obtain 


Fig.  3.  Temperature  ramps  for  linear  grading  of  cell  flux. 
Upper  solid  curve  is  the  recording  of  actual  temperature  varia¬ 
tions  compared  to  linear  ramping  of  temperature  setpoint 
(broken  line).  Bottom  curve  is  the  simultaneous  recording  of 
the  emitted  flux,  showing  linear  flux  vanalions  during  the 
ramps,  with  a  flat  plateau  in  between. 


DEPTH  (microns) 


Fig.  4.  SIMS  profile  of  the  aluminum  content  in  the  active 
region  of  a  GRINSCH  laser,  demonstrating  linear  grading  in 
composition  versus  layer  thickness  (note  the  unusual  linear 
scale  on  the  left).  The  six  quantum  wells  of  the  active  region 
are  clearly  visible. 
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such  a  good  flux  profile  (in  particular  good  sym¬ 
metry  between  increasing  and  decreasing  ramps 
and  a  flat  plateau  in  between),  it  is  also  necessary 
to  set  adequate  values  for  the  PID  constants  of  the 
cell  temperature  regulator  during  the  ramp.  This  is 
also  done  automatically,  according  to  the  ramp’s 
slope,  by  our  automation  software. 

Thus  the  problem  is  solved,  because  two  ramps 
of  this  kind  are  enough  to  grow  a  ternary  layer 
whose  growth  rate  varies  linearly  versus  time,  and 
which  is  lattice  matched  all  along  because  the  two 
cell  fluxes  remain  in  the  same  ratio.  As  explained 
before,  four  simultaneous  such  ramps  are  needed 
to  grow  a  quaternary  graded  layer  with  linear 
composition  grading  versus  thickness,  by  superim¬ 
posing  the  growths  of  two  independent  ternaries 
whose  growth  rates  are  linearly  varying  in  oppo¬ 
site  sense,  in  order  to  keep  a  constant  growth  rate 
for  the  graded  layer. 

This  technique  has  been  succe-ssfully  applied  to 
the  growth  of  MQW  la.sers.  Fig.  4  shows  the 
aluminum  SIMS  profile  in  such  a  structure 
(without  p-iype  cladding  layer).  Due  to  SIMS 
memory  effects  (visible  also  on  the  first  QW  re¬ 
cord).  the  ramps  do  not  appear  very  symmetric, 
but  are  conclusively  linear  (note  the  unusual  linear 
scale  for  the  aluminum  content).  X-ray  measure¬ 
ments  also  don't  show  increased  FWHM  for  the 
peaks  corresponding  to  such  graded  layers. 


4.  Broad  area  lasers 

Laser  structures  were  grown  at  560 °C  (cali¬ 
brated  using  InSb  melting  point),  under  an  Asj 
beam  of  about  2  x  10  '.  The  typical  growth  rate 
of  quaternary  layers  was  1.5  )tm/h.  Broad  area 
la.ser  diodes  were  processed  from  these  structures. 
Series  of  chips  with  cavity  length  L  ranging  from 
0.2  to  1.2  mm  were  tested.  The  threshold  current 
densities  of  the  four  best  wafers  are  reported  as  a 
function  of  L  in  fig.  5.  Since  our  first  report  of  low- 
threshold  MBE  grown  lasers  [3].  we  have  further 
improved  the  threshold  values:  best  figures  are 
now:  1090.  890  and  820  A/cm’  for  420.  870  and 
1180  ;um  long  device.s,  re.spectively.  The  mean 
values  for  about  10  devices  of  the  .same  cavity 
length  are  not  very  different:  1140.  910  and  830 


Fig.  5.  V'arialion.s  of  threshold  current  densities  versus  cavity 
length,  for  four  different  wafers  grown  in  two  different  MBF. 
runs.  Laser  suucture  is  detailed  in  fig.  I. 


A/cm‘,  respectively,  showing  the  good  homogene¬ 
ity  of  these  wafers.  Moreover,  fig.  5  shows  the 
good  reproducibility  of  these  results,  with  very 
similar  values  obtained  on  four  wafers,  even  when 
grown  in  different  runs  and  for  different  wave¬ 
lengths  (ranging  from  1.5  to  1.6  )im  by  using 
different  well  widths). 


5.  BRS  lasers 

These  MBE  GRINSCH  structures  have  also 
been  proces.sed  in  buried  ridge  stripe  (BRS)  la.sei.s 
in  order  to  perform  cw  and  frequency  measure¬ 
ments.  We  started  from  the  structure  presented  in 
fig.  1.  but  without  the  upper  AllnAs  and  GalnAs 
p-type  cladding  and  contact  layers.  A  1.8  jxm  wide 
ridge  stripe  was  etched  down  to  the  InP  substrate, 
then  a  second  epitaxial  growth  of  1.5  fim  p-doped 
InP  confinement  layer  and  a  0.2  tim  p '-GalnAs 
contact  layer  was  performed  using  a  horizontal 
MOV  PE  reactor.  Details  of  the  process  can  be 
found  in  our  recent  report  of  the  preliminary 
results  obtained  with  these  lasers  [9]. 

We  have  improved  the  homogeneity  of  our 
laser  results,  and  also  some  of  the  figures  already 
published:  at  a  wavelength  of  1.485  fim.  threshold 
currents  as  low  as  15  mA  have  been  measured 
under  pulsed  operation,  and  17  mA  under  cw 
operation,  for  250  fim  long  devices.  The  maximum 
optical  power  was  about  8  mW.  These  already 
good  figures  can  probably  be  improved  because 
they  seem  to  be  limited  by  leakage  currents  through 
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the  side  p-n  homojunction,  which  is  located  inside 
the  heavily  doped  substrate  (n*>  I0’’^cm  ’). 

The  dynamic  behaviour  of  these  lasers  has  also 
been  studied.  A  resonance  frequency  of  6.7  GHz 
has  been  measured  on  a  300  /tm  long  device  at 
about  5  mW.  Although  this  figure  is  also  limited 
by  the  maximum  optical  power  available,  its  steep 
dependence  versus  optical  power  (bandwidth 
move-out  rate  of  about  4  GHz  mW  ’  is  very 
promising  for  the  ultimate  high  frequency  perfor¬ 
mances  of  these  MQW  AIGalnAs  lasers. 


6.  Conclusions 

W'e  have  reported  on  the  design  and  the  MBH 
growth  of  continuously  graded  index  SCH  laser 
structures  in  the  .AIGtiln.As  material  system  lattice 
matched  to  InP.  W’e  have  also  reported  further 
improsements  in  our  laser  results,  both  for  broad 
area  devices  and  for  buried  ridge  stripe  priK'essed 
lasers:  very  Uiw  threshold  current  densities  are 
iibtained  reprtiducibly,  with  a  best  value  as  l<.>w  as 
S2l)  A  cm’  for  a  llHO  /am  long  device.  For  BRS 
lasers,  a  record  threshold  current  of  17  mA  has 
been  measured  ttn  a  AIGaln.As  dcwice.  and.  al¬ 
though  limited  by  the  maximum  optical  power 
available,  an  encouraging  value  of  6,7  t3Hz  has 
been  obtained  for  the  resonance  frequency  of  these 
promising  MBF  AIGalnAs  MQW  lasers. 
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Molecular  beam  epitaxial  growth  and  structural  design 
of  Ino52Alo4gAs/Ino53Gao47As/InP  HEMTs 

Yi-Ching  Pao  *  and  J.S.  Harris,  Jr. 

Department  of  Electrical  En^tneerin^,  Stanford  L'nicerctty.  Stanford.  California  94305,  USA 


Lattice-matched  Iiimj Al„4j.'Ks  and  In,, 5jGau47As  layers  and  two-dimen,sional  electron  gas  (2DEG)  structures  have  been  grown 
on  (100)  InP  substrates  by  molecular  beam  epitaxy  (MBE)  with  dimeric  or  tetramenc  arsenic  species.  Surface  morphology  of  0.5  /im 
In„;-,Ga,i47As  layers  is  strongly  influenced  by  the  AS4  to  group  III  flux  ratio,  and  also  by  the  arsenic  species  used  in  the  growth.  The 
RHEED  oscillation  study  shows  that  the  uses  of  As,  or  higher  A.S4  flux  reduce  the  group  III  adatoms  surface  diffusion,  hence 
improving  the  interface  or  surface  roughness  caused  by  the  alloy  clustering.  This  behavior  is  more  obvious  in  the  growth  of 
ln„5,Gau4,As  layers  than  In;,  ,7  A1q4jAs,  Two-dimensional  electron  mobilities  of  over  11.080  cmVv  s  at  .W  K  and  33.500  QtT?/\  s 
at  77  K  with  sheet  charge  of  3.9 x  10'^  cm"’  have  been  achieved  from  this  study. 


1,  latroduction 

The  ternary  compound.  In,,  ,,Ga„47As,  lattice 
matched  to  InP  has  attracted  growing  attention  in 
recent  years  because  its  superior  electron  transpt  rt 
properties  for  ultra  high  speed  operations  [1|  and 
its  band  gap  compatibility  to  the  1. 3-1.6  ftm 
wavelength  window  of  low  transmission  loss  opti¬ 
cal  fiber  [2].  TTiough  considerable  progress  has 
been  made  to  achieved  better  device  performance, 
the  fundamental  growth  process  of  these  ternary 
compounds  is  still  not  well  understood. 

During  the  MBE  growth  of  GaAs,  in  order  to 
obtain  smooth  and  atomically  abrupt  interface,  it 
is  sometimes  desirable  to  enhance  the  cation 
surface  migration  so  that  the  two-dimensional 
MBE  growth  process  can  be  enhanced.  This  proc¬ 
ess  is  evident  by  observing  the  oscillation  in 
the  refraction  high  electron  energy  diffraction 
(RHEED)  pattern  [3].  However,  in  the  case  of 
ternary  compounds  such  as  Al,Ga,  ,As  and 
Ino5jGaQ47As,  this  enhancement  of  cation  surface 

*  Y.C.  Pao  is  al.so  with  Vartan  As.sociates,  Solid  State  Oper¬ 
ation,  Santa  Clara,  California  95054.  USA. 


migration  doe"  .  .  yield  the  same  improvement, 
possibly  di. .  to  prclerential  cation  clustering  [4). 
The  growth  conditions  which  give  good  RHEED 
oscillations  do  not  produce  smooth  and  featureless 
surface  morphology,  thus  disconnecting  the  corre¬ 
lation  between  ^fowth  front  smoothness  and  the 
growth  conditions  set  by  the  initiation  of  RHEED 
oscillation. 

Earlier  efforts  using  As,  and  optimizing  the 
growth  conditions  have  made  considerable  pro¬ 
gress  in  producing  higher  quality  lnQ5,2Al„4^As 
and  In„5,Gag47As  layers  [5-7].  However,  a  com¬ 
prehensive  study  of  the  various  growth  conditions 
on  both  uniform  and  planar  doped  ln,)5;Alo4xAs/ 
In„5,Ga„4,As/lnP  HEMT  structures  has  yet  to 
be  reported.  In  this  paper,  we  present  a  compara¬ 
tive  study  of  Ast  and  AS4  growth  of  0.5  ftm 
In„52Al(,4xAs  and  ln„5,Gao.47As  epitaxial  layers, 
and  report  the  lesulting  2DEG  properties  of  the 
In„52Alu4»As/ln„5,Gao47As/InP  HEMT  struc¬ 
tures  with  uniform  and  planar  doping  schemes 
under  optimized  growth  conditions.  Based  upon 
this  study,  we  have  achieved  state-of-the-art  2DEG 
material  properties  and  planar  doped  HEMT  per¬ 
formance. 
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2.  Experimental 

MBE  growth  of  lattice-matched  InQ52AlQ4)jAs/ 
Ino.sjGao  47AS  epitaxial  layers  and  2DEG  hetero- 
siructures  was  performed  in  a  modified  Varian 
MBE  GEN-Il  system  with  two-inch  non-indium 
bonded  semi-insulating  InP  substrates.  The  typical 
growth  rate  of  Ino52Alo48As  and  InQ53Gao47As  is 
0.3  ftm/h,  with  a  normal  substrate  temperature  of 
490  °C.  The  composition  of  the  ternary  layers  was 
determined  using  the  RHEED  oscillation  tech¬ 
nique  performed  on  both  GaAs  and  InP  sub¬ 
strates.  The  epitaxial  surface  morphology  was 
studied  by  Nomarski  phase  contrast  microscopy, 
and  Hall  measurements  were  used  to  provide  elec¬ 
trical  characterization  of  the  2DEG  sheet  charge 
density  and  electron  mobility.  The  basic  HEMT 
structure  used  in  this  study  is  as  follows:  a  2500  A 
Inu5,Alo48As  undoped  buffer,  a  320  A  undoped 
Iny  j,Gau47As  layer  to  form  the  2DEG  channel,  a 
30  A  Inyjj  Aly48As  undoped  spacer,  either  a  uni¬ 
form  or  pulse  planar  Si-doped  Iny  s:  AI048  As  layer, 
where  the  doped  sheet  charge  or/and  pulse  layer 
thickness  were  varied  to  study  the  resulting  electri¬ 
cal  properties,  a  250  A  undoped  In^ ,3 Alo,48As 
layer,  and  a  30  A  undoped  Iny53Gao47As  surface 
layer  was  grown  to  reduce  the  effects  of  oxidation 
and  surface  contamination  on  the  2DEG  electron 
properties. 


3.  Results  and  discussion 

Fig.  1  shows  some  typical  RHEED  oscillation 
data  taken  during  the  growth  of  Iny  52Alo48As 
and  Inn53Ga„47As  on  InP.  It  is  shown  that  the 
specular  beam  intensity  damps  faster  in  the  case 
of  AS2  compared  to  AS4  for  both  lno52Alo,48As 
and  Iny  53Ga  047AS  growth,  indicating  reduced  ca¬ 
tion  diffusion  on  the  growth  front  with  ASj  cover¬ 
age  [8].  Fig.  2  shows  the  surface  morphology  of  0.5 
(im  thick,  moderately  Si-doped  Ino52AlQ48As  epi¬ 
taxial  layers  grown  with  AS4  (figs.  2a  and  2b)  and 
Asj  (figs.  2c  and  2d)  sources,  with  the  same  group 
V  to  group  III  flux  ratio  of  14.  There  was  almost 
no  difference  in  either  surface  morphology  or  elec¬ 
tron  mobility  ( -  410  cm^/V  •  s  at  300  K)  between 
the  dimeric  and  tetrameric  arsenic  growth.  Further 


Time 

Fig.  1.  RHEED  intensity  oscillations  of  Ino52Alo48As  and 
lno53Ga|)47As  with  As,  and  AS4  sources. 

incicase  of  the  AS4  or  ASj  V/III  flux  ratios  showed 
little  change  in  either  surface  morphology  or  elec¬ 
trical  properties  of  the  Ino52AlQ48As  epitaxial 
layers.  However,  in  the  case  of  Iny  53^3  047AS,  the 
situation  is  quite  different.  Fig.  3  shows  how  the 
growth  morphology  of  Ino5jGao,47As  is  influenced 
by  the  arsenic  species  and  its  strong  dependence 
on  the  V/lIl  flux  ratio  with  AS4  growth.  The  poor 
surface  morphology  of  fig.  3a  occurred  at  a  rela¬ 
tive  low  V(As4)/III  flux  ratio  of  16;  however,  this 
is  the  same  flux  ratio  used  in  fig.  1  where  RHEED 
oscillations  were  observed  during  the  growth  of 
lno53Gao47As.  If  the  AS4  flux  is  increased  further, 
the  Iny53Gay47As  surface  morphology  improves, 
as  shown  in  figs.  3b  and  3c.  This  is  a  clear  indica¬ 
tion  that  the  growth  of  the  Ino5,Gao47As  is 
vulnerable  to  cation  (i.e.,  Ga  and  In)  surface 
segregation,  which  is  strongly  affected  by  the  ca¬ 
tion  surface  mobility  which  is  mainly  controlled 
by  the  surface  arsenic  coverage.  Since  the  surface 
texture  in  figs.  3a  and  3b  is  not  microscopically 
uniform  throughout  the  surface,  it  is  not  likely 
that  the  poor  surface  morphology  is  due  to  As- 
vacancies  or  their  related  defect  complexes  as  in¬ 
tuitively  speculated.  Fig.  3d  shows  a  smooth  epi¬ 
taxial  surface  of  In,,  53^30  47AS  achieved  tvith  AS2 
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Fig.  2.  Epitaxial  surface  morphology  and  particle  related  growth  defect  on  Ing  52AI0  4jAs  grown  under  AS4  (a.  b)  and  Asj  (c,  d).  The 

markers  represent  SO  fini  (a,  c)  and  20  fim  (b,  d). 


growth,  even  at  a  relatively  low  V /III  flux  ratio  of 
14. 

After  recognizing  the  influence  of  arsenic 
species  on  thick  ternary  compounds  of  Ino32 
A1o4*As  and  Iuq  047AS,  the  next  step  was  to 
examine  the  influence  of  arsenic  species  on  2DEG 
structures.  Fig.  4  shows  the  planar  doped  2DEG 
electron  sheet  charge  density  and  mobilities  as  a 
function  of  spacer  layer  thickness,  with  the  doped 
sheet  charge  held  constant  at  5  x  10'^  cm'^.  The 
major  difference  in  2DEG  properties  between  Asj 
or  AS4  growth  appears  to  be  in  the  77  K  electron 
mobility,  where  a  substantial  increase  (30-50%)  of 
mobility  is  obvious  with  Asj  growth.  Since  the 
2DEG  sheet  charge  densities  remain  relatively 


constant,  the  most  reasonable  explanation  is  that 


the  heterointerface  of  the  2DEG  quantum  well  is 
microscopically  smoother  with  AS2  growth.  This  is 
consistent  with  our  earlier  discussion  on  surface 
morphology. 

To  show  the  influence  of  different  doping 
schemes  (i.e.,  uniform  versus  planar  doped  struc¬ 
tures)  on  2DEG  electrical  properties,  table  1  gives 
the  results  of  varying  the  doping  structure  from  a 
three-dimensional  uniformly  doped  layer  to  a 
two-dimensional,  planar  pulse  doped  layer.  The 
sheet  doping  densities  were  constant  at  5  x  10'^ 
cm~^  and  AS4  was  used  as  arsenic  species.  It  is 
evident  that  the  2DEG  sheet  charge  increases  as 
the  doping  pulse  width  decreases  (thus  increasing 
the  heterointerface  2DEG  confining  electric  field). 
The  electron  mobility,  on  the  other  hand,  in- 
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Fig.  3.  Epitaxial  surface  morphology  of  Idq  53^40  47As  layers  grown  under  different  arsenic  conditions:  (a)  AS4  with  V/IIl  ratio  of 
16;  (b)  AS4  with  V/III  ratio  of  26;  (c)  AS4  with  V/III  ratio  of  36;  (d)  Asj  with  V/III  ratio  of  14.  The  marker  represents  50  /tm. 


creases  gradually  with  increasing  2DEG  sheet  ment  showed  definite  advantages  of  the  planar 

charge  density,  consistent  with  increased  electron  doped  structure  over  uniformily  doped  ones.  In 

screening  [9]  of  the  Coulombic  interaction  (i.e.,  order  to  acquire  even  higher  2DEG  sheet  charge 

scattering)  with  the  host  impurities.  This  expieri-  with  planar  doped  structure,  we  undertook  the 


Table  1 

Comparison  of  2DEG  properties  between  uniform  and  planar  doped  HEMT  structures 


Structure 

type 

Doping  level/thickness 

Spacer 

(A) 

2DEG  (300  K) 

Sheet  charge  (cm  "  ^ ) 

Mobility  (cmVv  •  s) 

Uniform 

2xlO'’cm‘V250A 

30 

2.35X10” 

10,100 

Uniform 

4xlO'*cm'Vl25  A 

30 

2.72x10” 

10,500 

Planar 

5x10'^  cm"^ 

30 

2.95  X 10” 

11.020 
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Spacer  (A) 

— o -  AS4  — —  Asj 

Fig.  4.  Comparison  of  the  planar  doped  2DEG  electron  sheet 
charge  density  and  electron  mobility  as  functions  of  the  spacer 
layer  thickness  and  arsenic  species.  The  Si  sheet  doping  density 
was  constant  at  5  X 10'^  cm“^. 

following  expieriment  with  AS2  growth,  since  Asj 
offers  superior  2DEG  electrical  properties.  Fig.  5 
shows  that  with  further  increase  in  the  planar 
Si-doped  sheet  charge,  the  2DEG  sheet  charge 
density  increases  continuously,  without  degrading 
the  room  temperature  electron  mobility.  2DEG 
electron  mobilities  of  11,080  cmVV  •  s  at  300  K 
and  33.500  cm^/V  •  s  at  77  K  with  sheet  charge  of 
3.9  X  10'^  cm~^  have  been  achieved;  this  is  so  far 
the  best  refwrted  room  temperature  mobility  with 
such  high  sheet  charge  density. 


3  4  5  6  7  8 


Planar  doped  sheet  charge  (10^*  cm'*) 

Fig.  S.  Planar  doped  2DEG  electron  sheet  charge  density  and 
mobility  as  a  function  of  the  sheet  charge  density  in  Si  pulse 
doped  layer,  with  a  30  A  thick  spacer  layer. 


Based  on  these  epitaxial  material  results,  we 
have  fabricated  a  state-of-the-art,  IngjjAlo^gAs/ 
lno53Gao47As/lnP  HEMT  with  sub-0.1  /im  gate 
length.  This  device  has  achieved  an  intrinsic  cur¬ 
rent  gain  cut-off  frequency  of  over  288  GHz  [10], 
which  is  among  the  highest  cut-off  frequencies 
reported  to  date  for  any  three-terminal  devices. 


4.  Conclusion 

The  MBE  growth  of  In^jj^AlosgAs/InP  is  rela¬ 
tively  insensitive  to  both  the  arsenic  species  used 
and  the  V/111  flux  ratio.  However,  InQ53Gao47As 
is  strongly  influenced  by  these  parameters.  The 
use  of  dimeric  arsenic  produces  superior  epitaxial 
lno53Gao47As  surface  morphology  and  higher  low 
temperature  2DEG  electron  mobility.  This  im¬ 
provement  of  low  temperature  2DEG  mobility  is 
attributed  to  the  microscopically  smoother  hetero¬ 
interface  obtained  with  Asj  growth.  Due  to  the 
large  F  -  L  valley  separation  of  the  lno  53Gao47As 
channel  layer,  the  room  temperature  2DEG  elec¬ 
tron  mobility  remains  relatively  constant  over  a 
wide  range  of  2DEG  sheet  charge  density,  be¬ 
tween  2.3  to  3.9  X  10'^  cm"^.  A  room  temperature 
2DEG  mobility  of  11,080  cm^/V  ■  s  with  a  corre¬ 
sponding  sheet  charge  density  of  3.9  X  10'^  cm~^ 
has  been  demonstrated,  and  state-of-the-art  device 
performance  has  been  achieved  with  MBE  grown, 
planar  doped  HEMT  structures. 
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The  growth  of  high  quality  InP  and  In,  _  ,Ga,As,.P|  by  gas  source  molecular  beam  epitaxy  is  reported.  77  K  mobilities  up  to 
1 12.000  cmVV-s  for  high  purity  InP  have  been  measured.  Fe-doped  semi-insulating  InP  has  been  grown  using  an  iron  effusion  cell, 
and  resistivities  as  high  as  lO'’  Q  cm  have  been  obtained.  Selective  epitaxy  of  InP  on  Si]N4-pattemed  substrates  is  also  presented. 


1.  Introduction 

Gas  source  molecular  beam  epitaxy  (GSMBE) 
has.  over  the  last  few  years,  demonstrated  high 
potential  for  the  production  of  high  quality  layers 
as  well  as  a  wide  range  of  optoelectronic  devices 
including  double  heterostructure  lasers  [1],  quan¬ 
tum  well  structures  [2],  DFB  lasers  [3]  and  optical 
amplifiers  (4). 

GSMBE  offers  number  of  advantages  over  other 
growth  techniques.  The  epitaxial  process  requires 
a  much  lower  flow  of  hydrides  than  metalorganic 
vapor  phase  epitaxy  (MOVPE).  As  opposed  to 
chemical  beam  epitaxy  (CBE),  the  growth  kinetics 
and  alloy  composition  of  ternary  and  quaternary 
materials  are  almost  independent  of  substrate 
temperature.  TTte  absence  of  MO  compounds  in 
the  growth  chamber  avoids  any  carbon  con¬ 
tamination  of  dopant  effusion  cells,  cracking  cells 
as  well  as  hot  parts  of  the  growth  chamber. 

In  this  paper,  we  review  our  results  on  the 
growth  of  high  purity  InP  and  lni_,Ga^As„P,^,. 
using  GSMBE.  We  also  report,  for  the  first  time, 
the  ability  of  GSMBE  to  grow  high  quality  semi- 
insulating  InP  using  an  iron  effusion  cell.  Selective 
epitaxy  of  InP  on  SijN4-pattemed  substrates  is 
also  described. 


*  Present  address;  ALCALTEL-CIT.  CMpanement  Transmis¬ 
sion  sur  Cables,  Nozay,  F'91620  La  Ville-du-Bois,  France. 


2.  GSMBE  system 

The  GSMBE  experiments  were  carried  out  in  a 
commercial  MBE  chamber  fitted  with  a  2200  1/s 
turbomolecular  pump  to  provide  adequate  pump¬ 
ing  of  hydrogen  produced  by  the  decomposition 
of  the  hydrides.  A  gas  handling  system  with  mass 
flow  controllers  and  switching  valves  was  used  to 
introduce  pure  AsH,  and  PH^  into  the  reactor 
through  a  low  pressure  cracking  cell.  Three  effu¬ 
sion  cells  (2  In  and  1  Ga)  and  4  hydride  lines 
permit  the  growth  of  InP  and  3-In,_^Ga,As,P, 
alloys  with  minimum  growth  interruptions  at  the 
heterointerfaces.  Before  growth,  the  Ga  and  In 
beam  flux  calibrations  were  computer  controlled 
using  an  ion  gauge. 

The  MBE  system  was  installed  in  a  class  10.000 
clean  room  with  entry  chamber  connected  to  a 
class  100  laminar  flow  station  for  loading  and 
unloading  wafers.  The  growth  chamber  was  care¬ 
fully  prepared:  after  venting,  the  system  was  baked 
out  (200°C)  and  each  cell  was  individually  out- 
gassed.  7N  purity  indium  sources  (Johnson  Mat- 
they),  8N  purity  gallium  source  (Rhone- Poulenc) 
and  Si,  Be  and  Fe  dopant  sources  were  loaded 
before  a  final  bake  out  (150°C).  The  cryoshrouds 
were  continuously  filled  with  liquid  nitrogen,  re¬ 
ducing  the  partial  pressures  of  background  impur¬ 
ities  (H^O,  CO,  etc.).  Before  growth,  the  base 
pressure  of  the  chamber  was  in  the  10“’  Torr 
range,  due  to  residual  hydrogen  outgassing  from 
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hot  sources.  Other  partial  pressures  were  below 
10“"  Torr. 


3.  ln,_^Ga^As^.P,_^.  growth 

We  have  studied  the  growth  conditions  of 
In,^,Ga,As,P,.,.  alloys  lattice  matched  to  InP 
over  the  entire  range  of  composition  ( y  =  2.2  x, 
0  <y  <  1). 

The  growth  mechanisms  in  GSMBE  and  in 
conventional  MBE  are  very  similar:  the  sticking 
coefficients  of  Ga  and  In  are  equal  to  unity  for 
substrate  temperatures  lower  than  the  re-evapora- 
tion  limit  of  the  group  III  elements,  and  indepen¬ 
dent  of  group  V  element  fluxes.  Growth  rates 
ranging  from  0.5  to  2  pm/h  were  typically  used. 

The  thermal  decomposition  of  AsHj  and  PHj 
generates  As^  and  P,  beams  which  allow  low 
V/lII  ratio  during  growth  (between  2  and  10). 
The  hydride  flows  needed  are  much  lower  than  in 
MOVPE.  The  variation  of  the  arsenic  concentra¬ 
tion  in  the  solid  ( y )  versus  the  flux  ratio  Y  = 
As,/(Asi-f-  P,)  is  plotted  in  fig.  1.  Two  regions 
are  shown:  for  the  As-rich  alloys,  the  ratio  of 
group  V  elements  incorporated  in  the  solid  is 
almost  the  same  as  in  the  gas  phase,  whatever  the 
substrate  temperature:  As,  and  Pj  have  ap- 


Fig.  1.  Arsenic  concentration  in  the  solid  as  a  function  of  the 
flux  ratio  Asj/fAsj  +  Pj),  srith  different  V/III  ratios  R  (7^  - 
500°C). 
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Fig.  2.  lno5,Gao47As  thickness  uniformity  over  a  2  inch 
diameter  wafer. 


proximatively  the  same  sticking  coefficient.  For 
the  high  phosphorus-content  alloys  (y  <0.6),  the 
relative  sticking  coefficient  of  As  increases.  In  this 
region,  we  have  observed  a  stronger  incorporation 
of  arsenic  for  reduced  growth  temperature  [5],  As 
plotted  in  fig.  1,  we  have  also  observed  a  relative 
decrease  of  arsenic  incorporation  when  V/III  ratio 
decreased.  This  is  in  good  agreement  with  theoret¬ 
ical  predictions  given  by  Seki  and  Koukitu  [6]. 

Composition  and  thickness  uniformities  of 
In  o,5jGao,4-!As  have  been  checked  using  respec¬ 
tively  double-crystal  X-ray  diffraction  and  scan¬ 
ning  electron  microscope  (SEM)  measurements. 
High  homogeneities  over  a  2  inch  diameter  wafer 
have  been  obtained,  witn  thickness  variation  lower 
than  1%  and  composition  variation  lower  than 
0.1%  (see  figs.  2  and  3).  Photoluminescence  wave¬ 
length  mapping  obtained  at  room  temperature  on 
^  ^t*o.53^^o.47As/lnQ((2GaQjjjAso4oPo.6o  quantum 
well  structure  grown  on  a  2  inch  substrate  gave  a 
wavelength  variation  lower  than  1  nm,  confirming 
the  homogeneity  in  thickness  and  composition  of 
the  alloys  [7]. 


Fig.  3.  Ino5jGao.47As  composition  uniformity  over  a  2  inch 
diameter  wafer. 
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4.  High  purity  InP  growth 

GSMBE  is  well  adapted  to  the  growth  of  high 
purity  materials,  as  previously  reported  by  Cun¬ 
ningham  et  al.  on  GaAs  [8].  We  have  also  demon¬ 
strated  that  high  purity  InP  can  be  obtained  by 
this  technique  [9].  The  growth  has  been  performed 
at  500°C  under  a  cracked-PHj  flow  giving  a  H, 
pressure  in  the  growth  chamber  of  5  x  10^’  Torr, 
as  described  in  ref.  [9]. 

Fig.  4  shows  a  photoluminescence  spectrum  of 
a  high  purity  InP  epilayer.  obtained  at  4.2  K.  The 
free  exciton  (X)  and  neutral  donor  bound  exciton 
(D'’-X)  transitions  are  clearly  resolved  at  1.4187 


and  1.4175  eV,  respectively.  A  shoulder  at  1.4166 
eV  can  be  attributed  to  neutral  donor-hole  transi¬ 
tions  (D®-h).  The  low  intensity  of  acceptor  related 
transitions  observed  in  this  spectrum  confirms  the 
high  purity  of  the  sample.  Hall  effect  measure¬ 
ments  performed  at  77  K  without  illumination 
have  routinely  shown  residual  carrier  concentra¬ 
tions  in  the  10’“  cm“^  range  with  mobilities  in  the 
range  of  70,000-100,000  cm^/V  •  s,  with  a  best 
value  of  112,000  cmVV  •  s  for  =  2  X  10'“ 

cm"'.  These  values,  which  are  not  corrected  for 
surface  depletion  effects,  are  comparable  to  the 
results  obtained  on  very  pure  InP  grown  by  CBE 
(10.11]. 
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Fig.  4.  4.2  K  phoiolumlnescence  spectrum  of  a  pure  InP  epilayer. 
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These  pure  undoped  InP  epilayers  were  grown 
over  a  several  months  period,  alternatively  with 
InGaAsP/InP  optoelectronic  structures  with 
beryllium,  silicon  or  iron  doped  layers.  No  special 
procedures  were  adopted  to  avoid  contamination 
from  dopants,  demonstrating  the  versatility  of  the 
GSMBE  technique. 


5.  Semi-insulating  InP 

Many  optoelectronic  devices  such  as  integrated 
waveguides,  high  speed  lasers  as  well  as  integrated 
circuits  require  high  resistivity  (semi-insulating) 
InP  layers. 

Fe-doped  semi-insulating  InP  has  been  grown 
by  MOVPE  [12,13]  using  ferrocene  (Fe(C5H5)2) 
and  Fe(CO)}  sources.  More  recently.  Tsang  et  al. 
[14]  have  successfully  grown  Fe-doped  semi-in¬ 
sulating  InP  by  CBE  using  a  conventional  iron 
effusion  source.  We  have  used  a  6N  purity  iron 
source  as  dopant  for  GSMBE  semi-insulating  InP. 
As  shown  in  fig.  5.  the  iron  concentration  is  well 
controlled  by  the  effusion  cell  temperature  as 
calibrated  by  SIMS  measurements.  For  iron  con¬ 
centrations  below  lO'^cm*  ’.  InP  epilayers  exhibit 


Fig.  5-  Variation  of  iron  doping  level  (SIMS  measurements)  as 
a  function  of  the  reciprocal  of  the  iron  cell  temperature. 

smooth  surface,  comparable  to  undoped  layers 
(fig.  6a).  For  higher  doping  levels,  a  degradation 
of  the  morphology  is  observed.  Fig.  6b  shows  the 
surface  morphology  of  an  InP  layer  with  an  esti¬ 
mated  iron  concentration  of  10”*  cm‘  \  The  poor 
morphology  is  presumably  induced  by  FeP  pre¬ 
cipitates  as  observed  by  Chu  et  al.  in  InP:Fe 
grown  by  MOVPE  [15,16]. 

For  electrical  characterization,  an  epitaxial 
structure  consisting  in  a  3  gm  Fe-doped  InP  layer 


Fig.  6.  Surface  morphology  of  InP :  Fe  samples  with  estimated  iron  concentration  of :  (a)  10*^  cm  (b)  10'*  cm  Marker  represents 

20  ;inn. 
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Fig.  7.  Current-voltage  characteristic  of  a  90  ftm  diameter 
mesa  n*-SI-n*  structure  with  a  3  {xm  thick  InP:  Fe  layer. 


sandwiched  between  two  n  *  doped  InP  layers  has 
been  grown  on  an  n'*^  dop>ed  substrate.  The  iron 
concentration  was  estimated  to  10'^  cr  Ti/Au 
contacts  have  been  evaporated  joth  sides  of 
the  structure  and  90  /tm  cherr.i^al  etched  mesas 
have  been  processed.  A  t\ .  .cal  current-voltage 
characteristic  of  the  stricture  is  given  in  fig.  7.  As 
previously  described  by  Macrander  et  al.  [17],  two 
regimes  are  shown:  an  ohmic  regime  occurs  at  low 
voltage,  and  for  voltages  higher  than  3  V,  a 
quadratic  regime,  characteristic  of  space-charge 
limited  current,  is  observed.  The  resistivity  in  the 
ohmic  region  is  as  high  as  10’  12  cm.  This  result. 


which  is  one  of  the  best  published,  is  of  particular 
interest  for  device  applications. 


6.  Selective  epitaxy 

Whereas  VPE  [18],  MOVPE  [19]  and  CBE 
[11,20]  have  demonstrated  excellent  selectivity, 
GSMBE  and  conventional  MBE  have  been  con¬ 
sidered  to  have  poor  selectivity  because  of  the 
high  sticking  coefficients  of  group  III  elements. 
We  have  studied  selective  epitaxy  of  InP  on  par¬ 
tially  masked  and  grooved  (100)  InP  substrates. 
Grooves  along  the  (110)  directions  were  formed 
using  Si3N4  masks  and  wet  etching  or  reactive  ion 
etching  (RIE)  processes. 

For  standard  growth  conditions,  polycrystaliine 
deposition  occurs  on  the  dielectric  mask.  How¬ 
ever,  for  high  growth  temperatures  { >  560°C), 
selective  epitaxy  has  been  achieved  with  no  de¬ 
position  on  Si3N4,  as  shown  by  the  SEM  pictures 
in  fig.  8.  Such  effect,  which  has  already  been 
reported  for  MBE-grown  InAs  [21],  is  due  to  the 
enhanced  re-evaporation  rate  of  indium  on  dielec¬ 
tric  surface  as  compared  to  InP  substrate  at  these 
temperatures. 

The  beam  nature  of  GSMBE  has  been  observed 
with  regrowth  on  a  non-rotating  substrate.  A 
cross-patterned  mask  has  been  used  to  etch  the 
substrate.  Fig.  9  gives  a  schematic  representation 


Fig.  8.  SEM  photographs  of  InP  growth  on  Si3N4-niasked  substrate  with  RIE  grooves.  Markers  represent  1  fim. 
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Fig.  9.  Schematic  representation  of  InP  regrowth  on  a  non¬ 
rotating  engraved  substrate.  The  spatial  separation  between  the 
indium  cell  and  the  gas  injector  gives  the  difference  in  the 
molecular  beam  angles. 


of  the  cross-section  in  both  (110)  directions.  The 
spatial  separation  between  the  indium  cell  and  the 
gas  injector  gives  the  difference  in  the  molecular 
beam  angles.  SEM  pictures  exhibit  assymetric 
growth  on  the  different  sides  of  the  grooves.  The 
group  III  element  shadow  effect  is  shown  in  fig. 
10a. 

Fig.  10b  clearly  shows  a  shadow  effect  due  to 
the  phosphorus  beam  tilt;  at  one  edge  of  the  mesa, 
unexposed  to  P,  flux,  there  is  even  evidence  for  a 
depletion  zone  due  to  local  reevaporation  of  InP 
at  this  temperature  (550°C). 


7.  Conclusion 

In  summary,  we  have  reported  on  the  epitaxy 
of  high  quality  InP  and  In,_,Ga,As,P, grown 
by  GSMBE.  Residual  carrier  concentration  of  2  X 
lO'"'  cm  ’  has  been  obtained  on  InP  with  77  K 
mobility  of  112.000  cmVV  ■  s.  Semi-insulating  InP 
grown  by  GSMBE  using  an  Fe  effusion  cell  has 


been  reported  for  the  first  time.  Resistivities  as 
high  as  lO”  12  cm  have  been  obtained.  We  have 
also  demonstrated  the  selective  epitaxy  of  InP  at 
substrate  temperature  in  the  range  of  550-560°C. 

These  results  demonstrate  that  GSMBE  is  now 
strongly  established  as  a  powerful  growth  tech¬ 
nique  to  provide  high  quality  InP  based  materials 
and  is  particularly  attractive  for  the  realization  of 
future  optoelectronic  integrated  circuits. 
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High-qualitv  InP  layers  are  grown  by  gas  source  MEE  (migration  enhanced  epitaxy)  method  at  350  °C.  It  is  found  that  even  at  a 
substrate  temperature  as  low  as  350°C.  the  desorption  of  some  amount  of  phosphorus  from  the  InP  surface  occurs  when  the  PH, 
flow  is  interrupted,  although  the  RHEED  pattern  is  still  showing  the  (2X4)  reconstructions.  As  a  result,  the  perfectly  alternating 
supply  of  indium  and  phosphorus  can  be  achieved  only  when  PH  ,  is  supplied  with  a  proper  interruption  time  before  the  supply  of  In. 
It  IS  also  found  that  InP  layers  grown  by  gas  source  MEE  at  350“C  have  optical  properties  equal  to  or  better  than  those  grown  by 
conventional  gas  source  MBE  (molecular  beam  epitaxy)  at  470°C. 


1.  Introduction 

InGaAs/lnP  superlattice  (SL)  and  quantum 
well  (QW)  structures  consist  of  two  group  III  and 
two  group  V  atoms  and  have  two  different  types 
of  hetero-interfaces  (InGaP  and  InAs)  depending 
on  the  growth  sequence  even  when  ideally  formed. 
Recently,  the  existence  of  two  different  types  of 
hetero-interfaces  was  confirmed  with  high-resolu¬ 
tion  X-ray  diffraction  [1].  Under  the  usual  growth 
conditions,  the  hetero-interfaces  have  uncontrolled 
interfaces  because  group  V  atoms  are  usually  sup¬ 
plied  during  growth  owing  to  high  growth  temper¬ 
ature.  Furthermore,  in  the  growth  of  InGaAs/lnP 
heterostructures,  the  changeover  of  As  and  P  flows 
is  necessary  and  the  incorporation  of  As  (P)  into 
the  InP  (InGaAs)  layer  and  the  desorption  of  As 
(P)  from  the  InGaAs  (InP)  layer  near  the  inter¬ 
faces  are  easy  to  occur. 

The  atomic  arrangement  at  the  interfaces  will 
influence  the  physical  properties  of  the  SL/QW 
structures.  For  example,  this  will  be  one  of  the 
reasons  of  the  scattered  reported  values  for  A  at 
InGaAs/InP  hetero-interfaces  [2-4],  In  fact,  PL 
peak  energy  shift  is  observed  for  QWs  prepared  by 
different  growth  schedules  [5],  namely  QW  PL 
peak  energy  changes  depending  on  the  composi¬ 


tion  of  the  hetero-interface.  The  optical  and  elec¬ 
trical  qualities  of  the  SL/QW  structures  will  be 
also  influenced  by  the  precise  atomic  arrangement 
at  the  interfaces.  These  situations  are  common  in 
all  the  SL/QW  structures  having  two  group  III 
and  two  group  V  atoms,  such  as  InGaP/GaAs 
and  InAs/AlSb. 

To  control  the  physical  properties  of  the 
SL/QW  structures,  the  atomically  controlled 
growth  of  the  hetero-interfaces  is  necessary. 
Migration  enhanced  epitaxy  (MEE)  is  an  attrac¬ 
tive  method  to  form  tailored  hetero-interfaces  be¬ 
cause  of  low  growth  temperature  and  alternating 
supply  of  group  111  and  group  V  atoms.  However, 
the  MEE  growth  of  InGaAs/InP  heterostructures 
is  difficult  in  the  conventional  solid  source  MBE 
system,  because  these  heterostructures  have  two 
group  V  atoms. 

In  this  paper,  we  will  report,  for  the  first  time, 
the  results  on  the  MEE  growth  of  InP  using  PH, 
as  group  V  atom  source  (gas  source  MEE).  The 
effects  of  the  interruption  times  of  the  PH,  flow 
before  and  after  the  In  supply  and  the  In  supply 
time  on  the  RHEED  (reflection  high  energy  elec¬ 
tron  diffraction)  patterns ‘and  the  intensity  re¬ 
covery  are  described.  The  results  of  photolumines¬ 
cence  (PL)  measurements  on  gas  source  MEE- 
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grown  InP  layers  and  conventional  gas  source 
MBE-grown  InP  layers  are  also  presented. 


2.  Experimental 

The  gas  source  MBE  system  (ANELVA 
GBE830)  used  here  is  evacuated  by  an  oil  diffu¬ 
sion  pump  with  a  Liquid  nitrogen  trap.  Solid  in¬ 
dium  and  gas  phosphine  (PHj)  were  used  as  group 
III  and  group  V  sources,  respectively.  PH 3  was 
introduced  into  the  growth  chamber  through  a 
mass  flow  controller  (MFC)  and  a  gas  cracker  cell 
(  ~  900  °C).  The  substrates  used  were  Fe-doped 
(001)  InP.  The  substrate  surface  was  thermally 
cleaned  prior  to  growth  with  a  PH  3  flux  of  1.0 
SCCM  at  500  °C  for  10  min.  The  InP  layers  were 
grown  at  substrate  temperatures  (7^)  of  350  and 
400  °C  with  a  PH,  flux  of  0.2  SCCM  by  MEE 
method.  The  was  monitored  with  an  infrared 
optical  pyrometer.  The  PH,  gas  flow  is  rapidly 
supplied  or  interrupted  by  using  electronically  op¬ 
erated  block  valves  located  close  to  the  gas  cracker 
cell. 

The  RHEED  measurements  were  carried  out 
with  an  incident  electron  beam  energy  of  25  keV. 
The  RHEED  intensity  oscillation  was  measured 
on  the  specular  spot  in  the  [100]  azimuth. 

PL  measurements  were  also  carried  out  at  77  K 
with  a  He-Ne  gas  laser  (6328  A.  15  mW)  as  an 
excitation  light  source. 


3.  Results  and  discussion 

InP  layers  exhibit  (2  X  4)  reconstructions  in  the 
phosphorus-stable  region  at  a  value  of  T^,  such  as 
470  °C.  for  the  usual  MBE  growth.  At  a  lower 
value  of  r,,  clear  (2  X  4)  RHEED  patterns  were 
observed  on  the  InP  surface  when  the  PH,  flow 
was  interrupted  (fig.  la).  However,  with  a  PH, 
flux  of  1.0  SCCM  at  350  °C,  the  (2  X  4)  patterns 
became  diffused,  as  shown  in  fig.  lb.  And  this  was 
more  noticeable  with  increasing  PH,  flow  rate.  It 
can  be  said  that  the  supply  of  excess  P  atoms  at 
350  °C  induces  the  additional  adsorption  of  P  on 
the  surface  and  changes  surface  reconstructions. 

Figs.  2b  and  2c  demonstrate  RHEED  intensity 


Fig.  1.  RHEED  patterns  from  (001)  InP  surface  at  350°C  for 
(110)  and  (110)  azimuths:  (a)  without  PH  ,  flow  and  (b)  with  a 
PH,  flux  of  1.0  SCCM. 


traces  recorded  during  the  alternating  supply  of  In 
and  P  when  the  supply  of  P  is  interrupted  for  over 
30  s  before  the  supply  of  In,  as  shown  in  fig.  2a,  at 
350  °C  (fig.  2b)  and  400  °C  (fig.  2c)  for  various  In 
supply  times  (;,„).  The  RHEED  patterns  were  still 
exhibiting  the  (2  X  4)  reconstructions  throughout 
the  interruption  time.  The  In  supply  time  when 
RHEED  intensity  recovers  the  most  quickly  for 
the  350  °C  growth  is  1.8  s,  which  is  shorter  than 
the  growth  time  (2.5  s)  of  one  monolayer  which  is 
measured  from  RHEED  oscillation  traces  in  the 
usual  MBE  growth  at  350 °C.  It  is  also  found  that 
the  In  supply  time  when  RHEED  intensity  re¬ 
covers  the  most  quickly  at  400  °C  is  still  shorter 
(1.0  s).  This  indicates  that  at  350  °C  some  amount 
of  P  atoms  desorb  from  the  surface  and  excess  In 
atoms  exist  there,  although  the  RHEED  pattern  is 
still  showing  the  (2  X  4)  reconstructions,  and  that 
only  In  atoms  less  than  one  monolayer  are  neces¬ 
sary  to  be  deposited  there  to  complete  one  mono- 
layer  growth,  i.e.,  the  number  of  In  atoms  neces- 
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sary  to  be  deposited  on  the  surface  decreases  from 
the  number  of  In  atoms  equivalent  to  one  mono- 
layer.  This  is  quite  different  from  the  MEE  growth 
of  GaAs  [6],  where  the  number  of  Ga  atoms 
necessary  to  be  deposited  on  the  surface  to  achieve 
the  quickest  recovery  of  the  RHEED  intensity  is 
equal  to  the  number  of  surface  sites.  This  observa¬ 
tion  in  the  InP  growth  will  be  closely  related  to 
the  fact  that  the  (4  X  2)  reconstructions  cannot  be 
observed  in  the  (gas  source)  MBE  growth  and  that 
the  InP  surface  changes  from  the  (2  x  4)  recon¬ 
structed  surface  to  a  matted  surface  without  (4  X  2) 
region  [7].  It  is  important  to  take  the  above  experi¬ 
mental  facts  into  account  to  form  the  controlled 
interface  of  InGaAs/InP. 

It  is  also  important  that  succeeding  In  atoms 
are  deposited  on  the  surface  covered  with  one 
monolayer  of  P  atoms.  This  is  achieved  by  means 
of  giving  the  interruption  of  the  PH,  flow  before 
the  In  supply.  Fig.  3b  shows  RHEED  intensity 
traces  by  the  sequence  as  shown  in  fig.  3a  as  a 
function  of  the  interruption  time  (/(,)  of  the  PH, 
flow  before  the  In  supply,  where  the  In  supply 
time  (f|„)  is  chosen  to  be  2.5  s.  which  is  the  one 


(a)  In  _ I  I 


TIME  (sec ) 

Fig.  3.  (a)  Deposition  diagram  of  In  and  P  and  (b)  RHEED 
intensity  recovery  at  350 'C  as  a  function  of  the  interruption 
time  (r,,)  of  the  PH,  flow  using  the  deposition  diagram  shown 
in  (a). 
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Fig.  2.  (a)  Deposition  diagram  of  In  and  P.  (b)  RHEED 
intensity  recovery  at  350  °C  as  a  function  of  In  supply  time 
(/,„ )  using  the  deposition  diagram  .shown  in  (a)  and  (c)  RHEED 
intensity  recovery  at  400  °C. 


monolayer  growth  time  in  the  usual  MBE  growth 
at  350  °C.  The  recovery  of  RHEED  intensity  is 
observed  before  the  P  supply  when  tg  equals  0  and 
1  s.  This  indicates  that  the  RHEED  intensity 
recovers  by  the  incorporation  of  supplied  In  atoms 
and  excess  P  atoms  which  remain  on  the  surface 
or  in  the  atmosphere  before  the  P  supply.  On  the 
other  hand,  when  fy  increases  to  5  s,  the  RHEED 
intensity  just  falls  and  then  recovers  by  the  P 
supply;  this  suggests  that  some  amount  of  P  atoms 
desorb  from  the  surface  during  the  P  supply  inter¬ 
ruption  time  of  tg.  When  tg  is  chosen  to  be  2-3  s, 
the  regular  RHEED  intensity  recovery  is  ob¬ 
served. 

Fig.  4b  shows  RHEED  intensity  traces  with 
tg  =  3.0  s  by  the  sequence  as  shown  in  fig.  4a  as  a 
function  of  It  is  found  that  the  RHEED 
intensity  recovers  the  most  quickly  when  equals 
2.5  s.  This  time  just  corresponds  to  the  growth 
time  of  one  monolayer  in  the  usual  MBE  growth. 
This  indicates  that  neither  excess  phosphorus  ex¬ 
ists  nor  deficiency  of  phosphorus  occurs  on  the 
surface  during  growth. 
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Fig.  4.  (a)  Deposition  diagram  of  In  and  P  and  (b)  RHEED 
intensity  recovery  at  350  °C  as  a  function  of  fn  supply  time 
( i|„ )  using  the  deposition  diagram  shown  in  (a). 


Fig.  6,  77  K  PL  spectra  for  three  types  of  3000  A  thick  InP 
layers  grown  by  (a)  gas  source  MEE  at  350  °C.  (b)  gas  source 
MBE  at  350°C  and  (c)  gas  source  MBE  at  470°C.  respec¬ 
tively.  in  the  same  growth  chamber.  Top:  (110);  bottom:  (TlO). 


The  ga.s  source  MEE  growth  was  done  by  alter¬ 
nately  supplying  an  optimum  amount  of  In  and  P 
atoms.  Fig.  5b  shows  the  RHEED  intensity  traces 
during  the  growth  of  InP  by  gas  source  MEE  at 
350  °C  by  the  sequence  as  shown  in  fig.  5a.  In  this 
case,  the  In  supply  lime  equivalent  to  one  mono- 
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Fig.  5.  (a)  Deposition  diagram  of  In  and  P  and  (b)  RHEED 
intensity  trace  during  gas  source  MEE  growth  of  InP  at  350'’C 
using  the  deposition  diagram  shown  in  (a). 


layer  in  the  usual  MBE  mtxle  is  2.4  s.  which  is 
slightly  different  from  the  2.5  s  in  figs.  3  and  4. 
due  to  the  slight  difference  in  the  In  cell  tempera¬ 
ture.  Persistent  RHEED  oscillations  were  ob- 
■served  with  the  .same  amplitude  during  the  growth 
of  over  1000  cycles,  as  shown  in  fig.  5b.  During 
the  growth  of  InP  by  gas  source  MEE.  the  (2  X  4) 
RHEED  patterns  were  observed  either  during  In 
supply  or  during  P  supply. 

The  77  K  PL  spectra  are  shown  in  fig.  6  for 
three  types  of  3000  A  thick  samples  grown  by  gas 
.source  MEE  at  350 °C  (fig.  6a),  gas  source  MBE 
at  350 °C  (fig.  6b)  and  gas  source  MBE  at  470 °C 
(fig.  6c).  respectively,  in  the  same  growth  chamber. 
The  FWHM  (full  width  at  half  maximum)  values 
are  almost  the  same,  but  the  PL  intensity  of  gas 
source  M  EE-grown  InP  is  about  twenty  times  as 
large  as  that  of  gas  source  MBE-grown  InP  at  the 
same  temperature  and  about  one  and  a  half  times 
as  large  as  that  of  gas  source  MBE-grown  InP  at 
470 °C.  This  indicates  that  the  gas  source  MEE- 
grown  InP  at  350  °C  has  optical  properties  equal 
to  or  better  than  the  gas  source  MBE-grown  InP 
at  470  °C. 
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4.  Conclusion 

Even  at  a  substrate  temperature  as  low  as 
350  °C.  the  desorption  of  some  amount  of  phos¬ 
phorus  from  the  InP  surface  is  observed  when 
PHj  flow  is  interrupted,  although  the  RHEED 
pattern  is  still  showing  (2  X  4)  reconstructions. 
The  perfectly  alternating  supply  of  In  and  P  can 
be  achieved  only  when  PH  3  is  supplied  with  a 
proper  interruption  time  before  the  supply  of  In, 
where  neither  excess  phosphorus  exists  nor  de¬ 
ficiency  of  phosphorus  occurs  on  the  surface  be¬ 
fore  the  supply  of  In.  Under  this  condition,  the 
recovery  of  the  RHEED  intensity  induced  by  the 
incorporation  of  phosphorus  after  the  supply  of 
one  atomic  layer  of  In  is  observed  at  the  shortest 
time  period  and  the  RHEED  intensity  oscillation 
continues  over  1000  cycles  with  the  same  ampli¬ 
tude.  The  optical  properties  of  gas  source  MEE- 
grown  InP  at  350  °  C  are  favorably  compared  with 
those  of  InP  grown  at  470  °C  by  the  usual  MBE 
mode. 

It  is  concluded  that  the  gas  source  MEE  method 
is  useful  to  grow  high  quality  InP  layers  at  low 
temperatures  and  will  be  promising  for  the  growth 


of  InGaAs/InP  SL/QWs  with  tailored  hetero-in¬ 
terfaces. 
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A  series  of  nominally  undoped  GaAs  layers  were  grown  by  gas  source  MBE  (GSMBE)  with  an  elemental  Ga  source  and  AsH, 
cracked  by  a  low  pressure  Ta  gas  cracker  at  cracking  temperatures,  between  500  and  1100°C.  For  7"^,^  below  800  °C  the  AsH  , 
flow  rate  was  increased  to  maintain  an  As-stabilized  surface.  All  samples  were  found  to  be  p-type.  The  net  carrier  concentrations 
decreased  linearly  as  7^,  was  decreased  from  800  to  500‘’C;  for  =  800°C.  =  4300  cmVV  s.  whereas  when  7^,  =  500°C. 

)i,7U=64(X)  cmVV  s.  Low  temperature  photoluminescence  (PL)  on  samples  grown  at  rgj^  =  900“C  and  T^,  =  500°C  showed 
carbon  to  be  the  dominant  acceptor  and  a  much  lower  level  of  carbon  incorporation  at  the  lower  gas  cracking  temperature. 
Quadrupole  mass  spectrometer  measurements  of  the  AsH,  pyrolysis  by  the  gas  cell  indicate  only  partial  cracking  occurring  for 
7^,  =  500  to  800“C:  thus,  AsHj  fragments  may  be  affecting  carbon  incorporation  at  the  growth  surface. 


1.  Introduction 

The  use  of  thermally  decomposed  arsine  as  a 
source  of  arsenic  during  MBE  growth  was  begun 
by  Panish  (l)more  than  a  decade  ago;  since  then 
the  use  of  arsine  and  elemental  Ga  or  an 
organometallic  Ga  compound  for  the  growth  of 
GaAs  by  MBE  has  been  employed  by  numerous 
groups.  The  utilitarian  advantages  to  the  use  of 
arsine  are  well  established;  gas  flow  control  is 
precise,  reproducible,  and  very  quick;  flux  is  con¬ 
stant  throughout  the  life  of  the  supply;  and  the 
arsine  supply  may  be  easily  replenished  without 
venting  the  MBE  vacuum  chamber.  The  use  of 
arsine  and  elemental  Ga  for  the  growth  of  GaAs 
has  repeatedly  produced  high  quality  epilayers 
[2,3];  this  may  be  due  in  part  to  the  hydrogen 
ambient  resulting  from  the  thermal  cracking  of 
arsine.  Calawa  [4]  demonstrated  that  a  hydrogen 
ambient  during  GaAs  growth  significantly  reduces 
the  incorporation  of  carbon  and  oxygen  in  the 
epilayer.  It  has  also  been  speculated  in  the  litera¬ 
ture  that  “  the  presence  of  the  AsH  radical  on  the 
growth  surface  can  play  a  key  role  in  inhibiting 
hydrocarbon  pyrolysis  since  a  surface  can  play  a 
key  role  in  inhibiting  hydrocarbon  pyrolysis  since 
a  surface  population  of  atomic  hydrogen  is  neces¬ 


sarily  made  available”  [3].  It  is  the  role  of  the 
partially  cracked  arsine  species  that  we  have  ex¬ 
amined  in  the  present  work. 

We  report  here  the  growth  of  a  series  of  unin¬ 
tentionally  doped  GaAs  epilayers  by  gas  source 
molecular  beam  epitaxy  (GSMBE)  where  the  tem¬ 
perature  (TgaJ  of  the  low-pressure  gas  cracking 
cell  was  varied  between  500  and  1100°C.  Hall 
measurements  of  these  layers  show  a  distinct  de¬ 
crease  in  carrier  concentration  as  decreased 
from  900  to  500  °C  along  with  a  corresponding 
increase  in  Hall  mobility.  Low  temperature  photo- 
luminescence  measurements  indicated  a  decrease 
in  carbon  incorporation  when  =  500  °  C.  Upon 
examining  a  quadrupole  mass  spectrometer  mea¬ 
surement  of  the  thermal  decomposition  of  arsine 
as  a  function  of  we  believe  that  the  partially 
cracked  species  of  arsine  were  responsible  for  im¬ 
proved  GaAs  characteristics  at  low  AsH  ,  cracking 
temperatures. 


2.  Experimental 

The  vacuum  system  used  for  this  work  was  a 
Perkin-Elmer  Model  433  MBE  system  with  an 
Ulvac  gas  cell  and  a  cyropump  to  remove  excess 
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hydrogen.  The  Ulvac  gas  cell  is  a  hydride  gas 
cracking  oven  that  operates  in  the  low-pressure 
region  (below  10  Torr)  and  consists  of  a  gas  flow 
region  baffled  with  11  Ta  discs  inside  a  12  cm 
long,  1.5  cm  diameter,  heated  Ta  tube.  AsHj 
(and/or  PHj  for  the  growth  of  other  materials) 
was  supplied  to  the  gas  cell  by  a  delivery  system 
using  closed  loop  pressure  control  to  regulate  the 
flow  of  gas.  The  gas  cell  was  used  to  crack  both 
AsHj  and  PHj;  although  no  PHj  was  used  during 
the  growth  of  these  epilayers,  phosphide  materials 
were  grown  during  this  time  period  and  we  did 
observe  a  small  amount  of  phosphorus  in  these 
samples.  During  the  six  month  period  when  this 
series  of  layers  were  grown  the  vacuum  system 
was  not  vented  and  only  a  single  cylinder  of  AsHj 
(5]  was  used. 

The  growth  conditions  for  each  of  the  GaAs 
layers  were  kept  as  identical  as  possible.  The  sub¬ 
strate  material  used  was  undoped,  semi-insulating 
(100)  GaAs  and  a  single  wafer  was  cleaved  and 
used  for  the  growth  of  all  of  the  layers.  The 
temperature  of  the  gas  cell  was  constant  in  the 
range  from  500  to  1100°  C,  each  of  the  GaAs 
layers  was  grown  with  a  substrate  temperature  of 
620  °C.  the  GaAs  growth  rate  was  1.05  ±  0.10 
pm/h.  and  the  epilayer  thickness  was  nominally  5 
|am.  The  AsH  ,  flow  varied  from  2.5  to  7.0  SCCM 
over  the  series  of  layers  grown;  during  the  growth 
of  each  layer  the  V/III  ratio  was  held  constant  at 
a  value  between  1  and  2. 


3.  Characterization 

All  of  the  layers  in  this  study  were  p-type  and 
fig.  1  shows  the  net  carrier  concentration  ( ~  -^d ) 
and  Hall  mobility  of  each  layer  versus  the  temper¬ 
ature  of  the  gas  cell  during  epitaxial  growth.  The 
open  circles  are  data  from  Hall  measurements  at 
300  K  and  the  filled  circles  are  data  from  Hall 
measurements  at  77  K.  The  change  in  net  carrier 
concentration  with  measurement  temperature  is 
consistent  with  the  expected  change  in  occupation 
of  acceptor  impurities  in  GaAs.  Fig.  1  shows  the 
data  can  be  divided  into  two  regions:  at  or  below 
800  °C  the  net  carrier  concentration  decreases  with 
and  at  or  above  900  °C  the  net  carrier  con¬ 
centration  has  little  dependence  upon  7^^.  From 
fig.  lb,  the  77  K  hole  mobiUty  increases  with 
decreasing  for  below  800  °C.  The  com¬ 
bined  changes  in  carrier  concentration  and  mobil¬ 
ity  indicate  that  the  number  of  acceptor  impurities 
incorporated  in  the  epitaxial  film  decreased  as 
was  decreased.  Assuming  the  77  K  mobility  was 
due  to  only  impurity  scattering  and  lattice  scatter¬ 
ing.  the  temperature  dependence  of  the  hole  mo¬ 
bility  in  GaAs  (summarized  by  Blakemore  [6]) 
yields  a  decrease  in  acceptor  concentration  of 
of  about  a  factor  of  2  while  the  donor  concentra¬ 
tion  remained  approximately  constant.  For 
above  800  °C,  the  decreasing  mobilities  indi¬ 
cate  additional  impurities  which  may  have  been 
produced  by  the  gas  cell  at  the  high  operating 


400  500  600  700  800  900  1000  1100  1200 

Oq^  Cell  ’temperature  (“C) 


,o 

o 

2 


o 

I 

fs. 

fs. 


6500 
6000 
5500 
5000 
4500 
4000 
3500 
3000 
2500 

400  500  600  700  800  900  1000  MOO  1200 

Gos  Cell  Temperature  (*C) 


5  ttfn  CoAs  layers 
(except  8  for 
Tqos  -  1000  *0) 


Fig.  1.  (a)  The  net  carrier  concentration  N,  -  for  the  unintentionally  doped  GaAs  layers  plotted  against  the  gas  cell  temperature 
used  during  epitaxial  growth.  The  open  circles  were  obtained  from  Hall  measurements  at  300  K  and  the  filled  circles  were  obtained 
from  Hall  measurements  at  77  K  in  the  dark,  (b)  The  measured  Hall  mobility  at  77  K  as  a  function  of  The  vertical  dashed  line 
in  both  plots  denotes  the  division  in  the  data  between  effects  at  low  7^,  and  at  high  7^,. 
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temperatures.  Finally,  two  of  the  growths  were 
repeated,  one  with  7^  =  900°C  and  the  other 
with  =  500  ®C,  and  the  trends  in  the  net  car- 
rier  concentration  and  77  K  Hall  mobility  were 
reproducible.  Low  temperature  photolumines¬ 
cence  (PL)  measurements  were  performed  on  two 
of  the  samples  in  this  study:  one  grown  with 
~  ^  °  C  and  the  other  grown  with  7^  = 
500  °C.  The  PL  spectra  are  shown  in  fig.  2.  Both 
spectra  were  observed  to  be  shifted  to  higher 
energies  due  to  the  differing  amounts  of  residual 
phosphorus  incorporated  in  films  during  growth 
(measured  by  double  crystal  X-ray  diffractic  i).  If 
the  energy  shift  due  to  the  residual  phosphorus  is 
removed  [7j  then  the  peak  assignments  shown  in 
fig.  2  agree  within  0.5  meV  of  published  values 
[8.9]  and  it  is  clear  that  the  dominant  residual 
impurity  in  these  films  was  carbon  as  is  typical  of 
MBE  material.  Lu  et  al.  [9]  demonstrated  that 
estimates  of  both  the  compensation  ratio,  N^/N^. 
and  the  magnitude  of  can  be  obtained  from 
integrated  peak  intensities  in  the  low  temperature 
PL  spectrum  of  GaAs.  Based  on  that  analysis,  the 
implications  for  the  spectra  of  fig.  2  are:  (1)  for 
the  sample  grown  with  7^,  =  900°C  the  similar 
intensities  of  the  excitonic  peaks  indicates  a  large 
compensation  ratio  whereas  for  the  sample  grown 
with  =  5()0°C  the  dominance  of  the  (A®,  X) 
peak  indicates  only  slight  compensation,  and  (2) 
the  ratio  of  the  (e,  C)/(A'\  X)  peaks  in  each  sam¬ 
ple  shows  that  the  sample  grown  with  7^^„  = 
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Fig.  2.  2  K  pholotuminescence  spectra  of  a  GaAs  epilayer 
grown  with  a  gas  cell  temperature  of  500 "C  (upper  spectrum) 
and  a  GaAs  epilayer  grown  with  a  gas  cell  temperature  of 
900 “C  (lower  spectrum). 
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Fig.  3.  The  unc'^rrecled  ion  currents  from  a  quadrupole  mass 
spectrometer  for  (2  amu)  and  the  singly  ionized  fragments 
of  AsH,:  As*  (75  amu).  AsH*  (76  amu).  AsH,  (77  amu)  and 
AsH(  (78  amu).  The  ion  currents  were  measured  as  a  function 
of  the  gas  cell  temperature  and  with  an  AsH,  flow  of  0.5 
SCCM. 


500°C  had  a  significantly  lower  acceptor  (carbon) 
concentration.  These  results  agree  qualitatively 
with  the  electrical  data  presented  in  fig.  1 .  indicat¬ 
ing  that  the  residual  acceptor  is  carbon  and  the 
carbon  incorporated  in  the  GaAs  epilayers  de¬ 
creases  as  is  lowered. 

Fig.  3  shows  the  hydrogen  and  the  fragments  of 
arsine  observed  in  the  quadrupole  mass  spec¬ 
trometer  (QMS)  of  the  GSMBE  system  as  a  func¬ 
tion  of  The  QMS  ionizer  was  located  2-3  cm 
above  the  growth  position  of  the  sample  and  not 
on  the  axis  of  the  gas  cell.  A  large  noise  level  and 
very  small  electron  multiplier  gain  in  the  QMS 
during  the  measurement  prevented  us  from  ob¬ 
serving  the  arsenic  peaks  above  75  amu.  The  mea¬ 
surement  was  performed  with  0.5  SCCM  of  AsH  , 
flowing  to  minimize  nonlinear  effects  when  the 
QMS  operates  at  pressures  exceeding  10  '  Torr 
[10].  With  0.5  SCCM  of  AsH  ,.  the  flow  in  the  gas 
cell  was  molecular  and  gas-wall  collisions  domi¬ 
nated  the  cracking  process:  not  much  change  from 
this  condition  was  expected  for  the  higher  gas 
flows  used  during  epitaxy  since  flow  in  the  gas  cell 
does  not  enter  the  viscous  flow  region.  At  = 
300  °C  the  relative  magnitudes  of  the  arsine  frag¬ 
ments  agreed  with  published  fragmentation  pat¬ 
terns.  As  was  raised,  the  increase  of  the  H; 
peak  and  the  relative  increase  in  the  As*^  peak 
(shown  as  the  triangular  data  points  and  the 
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dashed  line)  above  the  AsH'^,  the  AsH^ ,  and  the 
ASH3  peaks  resulted  from  the  cracking  operation 
of  the  gas  cell.  The  most  important  effect  to  be 
observed  from  fig.  3  is  that  the  change  in  the 
cracking  of  the  arsine  by  the  gas  cell  occurs  in  the 
temperature  region  from  400  to  800  °C,  the  same 
temperature  region  in  fig.  la  where  the  net  carrier 
concentration  in  the  GaAs  epilayer  was  changing. 


luminescence  measurements.  The  authors  grate¬ 
fully  acknowledge  the  support  of  the  Air  Force 
Office  of  Scientific  Research  (Grant  89-0513)  and 
the  Center  for  Optoelectronic  Computing  Systems, 
sponsored  by  the  National  Science  Foundation/ 
Engineering  Research  Center  Grant  CDR-86- 
22236  and  by  the  Colorado  Advanced  Technology 
Institute,  an  agency  of  the  State  of  Colorado,  and 
the  support  of  the  General  Electric  Company. 


4.  Conclusion 


We  have  observed  an  increase  in  77  K  hole 
mobility  and  decrease  in  carbon  incorporation  for 
GaAs  grown  by  GSMBE  as  the  temperature  of  the 
gas  cell  was  decreased.  The  temperature  region 
where  these  effects  occurred  corresponds  to  that 
where  arsine  is  partially  pyrolyzed  in  the  low 
pressure  gas  cell,  thus  it  is  the  partially  cracked 
fragments  of  arsine  that  reduce  the  incorporation 
of  carbon  into  the  GaAs  layer. 
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Residual  impurities  originating  from  AsHj  in  GS-MBE  grown  GaAs 

S.  Nagao,  Y.  Inoue,  E.  Kawanishi  and  H.  Gotoh 

Thin  Films  Laboratory,  Research  Center,  Mitsubishi  Kasei  Corp.,  1000  Higashimamiana,  Vshiku,  Ibaraki  300^12,  Japan 


The  dependence  of  residual  impurities  in  GS-MBE  grown  GaAs  on  cracking  tem|>erature  and  differences  between  batches  of 
AsH^  has  been  studied.  Samples  were  characterized  using  Hall  measurement,  photoluminescence  and  SIMS  analysis.  Silicon  and 
sulfur  were  identified  as  dominant  residual  donors,  and  these  impurities  were  concluded  to  come  from  gaseous  impurities  in  AsH^. 
The  residual  donor  concentration  and  the  dominant  donor  species  were  found  to  depend  mainly  on  differences  between  batches  of 
AsH^.  reflecting  differences  in  methods  used  to  produce  and  purify  AsH). 


1.  Introduction 

It  is  well  known  that  the  presence  of  residual 
impurities  in  gas  source  molecular  beam  epitaxy 
(GS-MBE)  grown  GaAs  depends  on  the  cracking 
temperature  of  AsH  j  (!].  This  is  thought  to  be  due 
to  impurities  from  the  gas  cell  used  in  the  GS-MBE 
system.  A  few  reports  describe  the  relationship 
between  residual  impurities  in  GaAs  grown  not 
only  by  GS-MBE,  but  also  by  metalorganic  vapor 
phase  epitaxy  (MOVPE)  and  those  in  the  source 
AsH.  [2,3].  It  is  considered  that  information  about 
impurities  in  AsH;,  will  contribute  toward  obtain¬ 
ing  higher  quality  epitaxial  films  by  GS-MBE, 
chemical  beam  epitaxy  (CBE)  and  MOVPE. 

This  paper  reports  on  residual  impurities  in 
GS-MBE  grown  GaAs  originating  from  the  source 
AsH  „  and  examines  the  stability  of  source  AsHj 
quality.  Tlie  characteristics  of  high  electron  mobil¬ 
ity  transistor  (HEMT)  structures  grown  by  GS- 
MBE  are  also  evaluated. 


2.  Experiments 

The  GS-MBE  system  (VG  V80H)  employed  in 
this  study  was  equipped  with  a  high-pressure  gas 
cell  (HP-GC),  and  was  evacuated  by  an  oil  diffu¬ 
sion  pump.  Two  batches  of  AsH,  (AsH,-!  and 
AsH, -2)  from  different  suppliers  were  used.  Each 


supplier  has  its  own  purification  method  that 
mainly  reduces  the  amount  of  water  in  AsH,. 
Both  batches  of  AsH,  had  purities  of  5N  accord¬ 
ing  to  the  suppliers’  specifications.  The  methods 
used  by  the  suppliers  to  reduce  water  have  not 
been  revealed  yet.  The  group  V  gas  cell  was  made 
of  PBN  and  alumina.  Group  III  sources  of  Ga 
and  A1  have  purities  of  8N  and  5N,  respectively, 
and  were  held  within  PBN  crucibles. 

Undoped  GaAs  films  were  grown  on  (100)  ori¬ 
ented  Cr-doped  GaAs  substrates  at  a  temperature 
of  600 °C  and  a  growth  rate  of  1.0  nm/h.  The 
cracking  temperature  of  AsH,  was  varied  from 
700  to  900  "C.  The  total  beam  intensity  of  the 
cracked  AsH,  was  5  X  10"  ’  Pa.  The  stability  of 
the  source  AsH,  quality  was  also  examined.  The 
source  AsH,  was  connected  for  three  months  to 
the  gas  handling  system  of  the  GS-MBE  appara¬ 
tus.  then  undoped  GaAs  films  were  grown  under 
identical  conditions.  Finally,  HEMT  structures 
were  grown  on  the  condition  that  high  purity 
GaAs  had  been  obtained. 

The  characteristics  of  grown  films  were 
evaluated  by  Hall  measurement,  photolumines¬ 
cence  (PL)  spectroscopy  and  secondary  ion  mass 
spectroscopy  (SIMS)  analysis.  Photoluminescence 
was  measured  at  4.2  K,  and  the  excitation  source 
was  the  chopped  5145  A  line  of  an  Ar  laser.  0.25 
Jim  gate  length,  low  noise  HEMTs  were  also 
fabricated. 
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3.  Results  and  discussion 

The  dependence  of  residual  carrier  concentra¬ 
tion  in  GS-MBE  grown  undoped  GaAs  on  crack¬ 
ing  temperature  and  differences  between  batches 
of  AsHj  is  shown  in  fig.  1.  All  films  grown  from 
AsH,-l  exhibited  n-type  conduction,  and  carrier 
concentration  increased  as  cracking  temperature 
increased.  Films  grown  from  AsH, -2  under  the 
higher  cracking  temperatures  also  exhibited  n-typte 
conduction,  and  they  had  almost  the  same  temper¬ 
ature  dependence  except  that  the  level  was  lower 
than  that  of  films  grown  from  AsH,-l.  Undoped 
GaAs  grown  from  AsH, -2  at  the  lower  cracking 
temperature  exhibited  p-type  conduction  and  a 
carrier  concentration  of  below  10''*  cm  '.  The  fact 
that  the  difference  in  residual  carrier  concentra¬ 
tion  level  depended  on  AsH,  batch  indicates  that 
the  residual  impurities  originated  from  the  source 
.AsH,.  The  dependence  of  residual  carrier  con¬ 
centration  on  cracking  temperature  suggests  the 
possibility  that  impurities  in  AsH,  exist  as  gaseous 
compounds;  they  are  thermally  decomposed  in  the 
gas  cell  and  they  are  incorporated  into  GaAs 


Tc  (°C) 

900  800  700 


Fig.  1.  Residual  carrier  concentration  versus  cracking  tempera¬ 
ture  ( T )  in  GaAs  films  grown  by  GS-MBE  from  AsH, -I  and 
AsH  ,-2.  Activation  energies  of  carrier  concentration  are  1 .76 
and  )  .69  eV.  respectively. 


Fig.  2.  PL  spectra  of  GaAs  grown  by  GS-MBE  at  F,  =>  900  and 
700 using  AsH  ,-I.  measured  at  4.2  K. 

films.  The  activation  energies  of  carrier  concentra¬ 
tion  in  GaAs  grown  from  AsH,-l  and  AsH, -2  are 
estimated  to  be  1.76  and  1.69  eV.  respectively. 

Fig.  2  shows  the  PL  spectra  at  4.2  K  of  un¬ 
doped  GaAs  grown  from  AsH  ,-l.  There  is  a  strong 
luminescence  related  to  Si  acceptors  in  the  PL 
spectrum  of  GaAs  grown  at  the  higher  cracking 
temperatures.  In  addition,  there  are  three  promi¬ 
nent  peaks  which  are  related  to  C.  Si  and  Ge  from 
the  GaAs  at  the  lower  cracking  temperature. 
Therefore  silicon  must  be  a  dominant  n-type  im¬ 
purity  in  the  GaAs  grown  from  AsH,-l.  In  con¬ 
trast,  there  are  not  prominent  peaks  except  for  a 
C-related  one  in  the  PL  spectrum  of  GaAs  grown 
from  AsH, -2.  as  shown  in  fig.  3.  Dominant  n-type 
impurities  in  GaAs  grown  from  AsH, -2  cannot  be 
identified  at  this  point.  The  prominent  peaks  in 
the  exciton  luminescence  region  in  all  films  grown 
using  AsH,-l  and  the  film  grown  at  the  cracking 
temperature  of  900  °C  using  AsH, -2  are  due  to 
the  recombination  of  excitons  bound  to  neutral 
donors  (D",  X).  On  the  other  hand,  in  the  film 
grown  at  the  cracking  temperature  of  700  °C  using 
AsH, -2,  the  free-exciton  recombination  line  (F.  X) 
and  the  neutral  acceptor  bound  exciton  transition 
(A®.  X)  are  clearly  observed,  as  well  as  excitons 
bound  to  donors.  Carbon  acts  as  an  acceptor  in 
the  GaAs  from  both  batches  of  AsH,. 
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Fig.  3.  PL  spectra  of  GaAs  grown  by  GS-MBE  at  7^.  =  900  and 
700  °C  using  AsH,-2,  measured  at  4.2  K. 

ASH3-I  may  have  been  contaminated  by  Si-re¬ 
lated  compounds  during  the  production  and  puri¬ 
fication  of  the  AsHj.  The  observed  activation 
energy  of  1.76  eV  is  close  to  values  obtained 
during  the  thermal  decomposition  process  of  SiH4 
[4,5).  Thus,  SiH4  is  one  possible  gaseous  impurity 
in  AsH,-l.  However,  the  exact  mechanism  of  Si 
incorporation  in  GS-MBE  grown  GaAs  is  not 
obvious.  Complicated  processes  such  as  the  ther¬ 
mal  decomposition  of  SiH4,  the  generation  of 
various  kinds  of  radicals  or  Si  sticking  to  the  gas 
cell  and  re-evaporating  from  it  may  be  involved. 

The  results  of  SIMS  analysis  are  shown  in  table 
1.  Silicon  dominates  the  residual  impurity  con¬ 
centration  in  GaAs  grown  from  AsHj-l.  This  re¬ 
sult  is  consistent  with  that  obtained  from  observa¬ 


tion  of  the  PL  spectra.  On  the  other  hand,  there 
was  no  Si  detectable  by  SIMS  in  the  GaAs  grown 
from  ASH3-2,  and  the  S  concentration  corre¬ 
sponds  to  the  residual  carrier  concentration.  The  S 
level  is  almost  the  same  as  that  of  the  GaAs  grown 
from  ASH3-I.  Incorporation  of  S  into  ASH3  is 
probably  related  to  the  production  of  AsHj  by  the 
following  reaction; 

Zn3As2  -I-  3  H2SO4  -*  2  ASH3  -f  3  ZnS04. 

It  is  well  known  that  HjS  is  also  generated  during 
the  above  reaction.  The  observed  activation  en¬ 
ergy  of  residual  carrier  concentration  in  the  GaAs 
grown  from  ASH3-2  is  1.69  eV.  which  corresponds 
to  the  decomposition  enthalpy  of  HjS  [6].  Sulfur 
may  exist  in  the  AsH,  as  a  gaseous  compound  of 
H2S,  and  be  thermally  decomposed  and  stick  to 
GaAs  films  [7.8]. 

All  undoped  GaAs  films  grown  from  ASH3-2. 
after  it  was  left  attached  to  the  system  for  three 
months  after  the  first  series  of  growths  was  done, 
exhibited  p-type  conduction,  even  at  the  high 
cracking  temperature  of  1100°C.  The  carrier  con¬ 
centration  of  all  films  were  on  the  order  of  10'^ 
cm'-’.  Sulfur  was  not  detected  by  SIMS  analysis 
in  any  of  the  films.  This  may  be  attributed  to  the 
adsorption  of  H2S  onto  the  walls  of  the  AsH, 
cylinder.  The  hole  mobilities  were  all  about  450 
cm’/V  •  s  at  room  temperature. 

Typical  two-dimensional  electron  gas  (2DEG) 
mobilities  of  AlGaAs/GaAs  HEMT  structures 
grown  in  the  same  MBE  system  by  conventional 
solid  source  and  by  gas  source  MBE  were  ex¬ 
amined.  Each  structure  had  layers  consisting  of  1 
fim  undoped  GaAs.  6  nm  undoped  Alo3Gao7As 
spacer,  70  nm  Si-doped  AlojGaojAs  (1  X  10'* 


Table  1 

Impurities  in  GS-MBE  grown  GaAs  using  different  AsH^  batches,  measured  by  SIMS  analysis 


Sample 

Carrier 

concentration 

(cm'’) 

Carrier 

I mpurity  concentration  (cm  ’ ) 

(°C) 

AsH, 

batch 

No. 

No. 

type 

Si 

Ge 

S 

Se 

Te 

064C 

4.9x10“ 

n 

3.5x10“ 

ND 

2.gxl0“ 

ND 

ND 

900 

1 

06gC 

1.4X10“ 

n 

1.2x10“ 

ND 

NDx 

ND 

ND 

700 

1 

45IC 

7.6x10“ 

n 

ND 

ND 

7.gxl0“ 

ND 

ND 

900 

2 

45gC 

l.gxl0“ 

n 

ND 

ND 

1.6x10“ 

ND 

ND 

goo 

2 

473C 

Background  level 

6.5X10“ 

p 

ND 

1  xl0“ 

ND 

1  x  10“ 

1  xl0“ 

5  xlO'" 

ND 

7X10“ 

ND 

9x10“ 

700 

2 

*’  is  the  cracking  temperature  of  AsH  3. 
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cm  ■’)  and  5  nm  undoped  GaAs  cap  layers.  In  this 
case,  AsH  3-2  was  used  for  the  GS-MBE  growth.  A 
typical  2DEG  mobility  at  77  K  in  a  structure 
obtained  by  conventional  MBE  was  about  9  X  10^ 
cm‘/V  ■  s  with  a  sheet  carrier  concentration  of 
7  X  10”  cm~^.  The  value  for  structures  obtained 
by  GS-MBE  was  1.1  x  10^  cmVV  •  s  with  the  same 
carrier  concentration. 

Next.  0.25  fim  gate  length,  low-noise  HEMTs 
were  fabricated  using  AsH  3.  The  transconduc¬ 
tance  g„  of  these  HEMTs  was  found  to  be  about 
360  mS/mm,  and  the  minimum  noise  figure  at  12 
r3Hz  was  0.86  dB.  These  values  are  almost  the 
same  as  those  of  low-noise  HEMTs  obtained  by 
conventional  solid  source  MBE. 


4.  Conclusions 

Residual  impurities  in  GS-MBE  grown  GaAs 
are  related  not  only  to  cracking  temperature,  but 
also  to  the  batches  of  the  source  AsH  3.  Two  kinds 
of  n-type  impurities.  Si  and  S,  were  found  to  be 
present.  Both  Si  and  S  are  believed  to  originate 
from  impurities  in  the  source  ASH3,  in  the  form  of 
gaseous  compounds  such  as  SiH^  and  HjS.  Sili¬ 
con  was  found  in  only  the  films  grown  from  one 
of  two  different  batches  of  ASH3.  This  reflects 
differences  in  purification  of  AsH 3.  On  the  other 
hand.  S  was  detected  at  a  similar  level  in  films 


grown  from  two  different  batches  of  ASH3.  The 
incorporation  of  S  into  ASH3  is  related  to  reac¬ 
tions  ill  the  production  of  AsH  3.  Low  noise 
HEMTs  obtained  by  GS-MBE  using  high-purity 
AsH  3  were  of  high  quality. 
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We  present  results  on  AIGaAs/GaAs  Heterostructure  Bipolar  Transistors  containing  a  1  monolayer  S-Be  doped  sheet  in  a  GaAs 
base  100  A  wide  that  is  grown  by  gas  source  molecular  beam  epitaxy.  Also,  diffraction  measurements  performed  on  1  monolayer  6-Be 
layers  show  the  planar  doping  widths  are  40  and  200  A  for  gas  source  and  molecular  beam  epitaxial  growth,  respectively.  Be  diffusion 
measurements  versus  varying  anneal  conditions  are  presented  and  shown  to  be  consistent  with  a  kick-out  mechanism  involving 
interstitial  Be. 


1.  Introduction 

The  use  of  a  widegap  emitter  in  a  heterostnic- 
ture  bipolar  transistor  [1),  HBT,  allows  for  ex¬ 
tremely  high  base  doping  to  improve  high  speed 
device  performance.  Also,  the  carrier  transit  time 
through  the  base  of  a  HBT  may  be  reduced  in 
structures  containing  narrow  5-doped  bases  as  was 
successfully  demonstrated  at  the  0.04  monolayer 
(ML)  S-Be  level  by  Malik  et  al.  [2],  However,  the 
Be  planar  densities  employed  in  HBTs  to  date 
produce  effective  doping  concentrations  close  to 
the  homogeneous  doping  solubility  limit  [3].  Fur¬ 
thermore,  it  becomes  questionable  whether  Be,  at 
the  1  ML  (6  X  10'^  cm~^)  level,  can  be  confined 


in  ultra  thin  bases  of  HBT  as  a  5-dopant  owing  to 
significant  dopant  redistribution  [4]  and  diffusion 
[5]  accompanying  crystal  growth.  Although  the 
origin  of  the  latter  phenomenon  remains  incom¬ 
pletely  understood,  it  is  clear  that  planar  out-dif¬ 
fusion  becomes  increasing  severe  as  the  Be  con¬ 
centration  extends  further  beyond  the  doping 
solubility  limit. 

In  this  work  we  present  results  on  AlGaAs/ 
GaAs  HBT  structures  containing  a  sheet  of  5-Be 
dopant  up  to  1  ML  in  a  GaAs  base  100  A  wide 
that  are  grown  by  GSMBE,  gas  source  molecular 
beam  epitaxy.  We  report  diffraction  measure¬ 
ments  from  structures  containing  up  to  a  1  ML 
5-Be  concentration  in  GaAs  that  show  the  spread 
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of  planar  dopants  is  below  40  and  200  A  for 
GSMBE  and  MBE  growth  methods,  respectively. 
The  dependence  of  Be  diffusion  on  anneal  time, 
temperature  and  fi-Be  concentration  are  measured 
and  found  compatible  with  a  kick-out  mechanism 
involving  a  singely  ionized  interstitial  donor. 

2.  Localization  of  fi-Be  below  the  0.02  ML  level 

Our  investigation  of  the  planar  confinement  of 
Be  begins  at  S  =  0.016  ML.  where  the  doping 
concentration  just  lies  near  the  3D  homogeneous 
doping  solubility  limit.  We  profile  by  capaci¬ 
tance-voltage  (CV)  techniques  structures  contain¬ 
ing  the  above  S-Be  sheet  grown  1000  A  below  the 
GaAs  surface  by  GSMBE  and  examine  the  depen¬ 
dence  of  the  CV  profile  FWHM  on  growth  tem¬ 
perature.  A  III-V  flux  ratio  less  than  1:2  was 
u,sed.  For  comparison,  measurements  were  per¬ 
formed  on  the  identical  structures  grown  by  MBE 
using  Asj  under  similar  growth  conditions.  The 
CV  FWHM  are  11  and  20  A  for  GSMBE  growth 
at  510  and  580  “C.  respectively.  The  CV  FWHM 
of  11  A  is  the  narrowest  CV  profile  width  ever 
measured  in  a  semiconductor.  On  the  other  hand, 
the  respective  FWHM  were  28  and  56  A  for 
growth  of  the  same  fi-Be  concentration  by  MBE  at 
530  and  600  °C.  Clearly,  our  results  reveal  the 
planar  confinement  of  Be  is  a  growth  dependent 
phenomenon.  We  have  examined  in  detail  the 
thermal  broadening  of  the  CV  profile  of  S-Be 
during  growth  and  found  it  to  be  diffusion  limited 
in  the  GSMBE  case  where  as  surface  segregation 
is  the  principal  broadening  mechanism  in  the  MBE 
case  [6].  For  growth  at  500  °C  the  difference  in 
planar  confinement  of  Be  between  growth  meth¬ 
ods  is  as  small  as  20  A,  however,  this  difference 
can  become  magnified  as  the  5-Be/GaAs  system 
moves  to  higher  instability  brought  on  by  5-Be 
concentrations  that  greatly  exceed  the  solubility 
limit.  At  present,  the  mechanism  that  drive  surface 
segregation  of  Be  during  MBE  growth  and  its 
reduction  by  GSMBE  are  unknown.  The  latter 
difficulty  is  in  part  caused  by  the  behavior  of  Be 
diffusion  which  both  remains  incompletely  under¬ 
stood  to  date  and  is  an  essential  step  in  the  surface 
segregation  process. 


3.  fi-Be  diffusion 

The  present  study  aims  at  identifying  the  defect 
structure  and  attendant  exchange  mechanism  that 
underlies  Be  diffusion  when  fi-dopeJ  into  GaAs 
1000  A  below  the  ''-rface.  Key  aspects  of  the 
problem  are  interwoven  in  the  way  the  doping 
profile  of  fi-doped  Be  specimens  broaden  as  the 
thermal,  temporal  conditions  of  the  anneals  vary 
for  a  particular  Be  concentration.  The  width  of  the 
doping  distribution  was  estimated  from  the 
FWHM  of  the  CV  profile.  At  a  fi-Be  concentra¬ 
tion  of  0.015  ML  our  measured  CV  FWHM  and 
corresponding  annealing  information  is  tabulated 
in  table  1.  We  determine  the  Be  diffusion  coeffi¬ 
cient.  D,  from  our  data  by  use  of  procedures 
described  previously  (7).  Thermal  dependences  of 
D  at  the  0.015  ML  level  (solid  circles)  are  plotted 
in  fig.  1  and  show  an  Arrhenius  behavior  with  an 
activation  energy.  E^.  of  2.0  eV  and  an  ordinate 
intercept,  Dy,  of  1  X  10"^  cm’/s.  For  comparison 
a  .slower  B  diffusivity  is  observed  at  the  0.008  ML 
level  (solid  square)  and  is  fit  with  an  Arrehenius 
expression  in  which  £^  =  1.7  eV  and  Dy  =  2  X 
10“*'  cm'/s.  The  factor  two  increase  in  Be  con¬ 
centration  results  in  a  factor  two/three  increase  in 
Be  diffusivity.  The  Be  diffusivity  found  here  is 
similiar  to  other  measurements  on  fi-Be  layers  (7). 

The  inset  shows  the  dependence  of  the  Be  dif¬ 
fusion  length.  .Xj.  on  the  anneal  time,  t,  when  the 
anneal  temperature  is  held  fixed  at  700  °C.  The 
data  is  fit  by  an  expression  Xja/' The  data 
follow  classical  impurity  diffusion  where  .Xy  scales 
like  2Di  and  D  is  time  independent.  Non-classical 


Table  1 

Capacitance-voltage  FWHM  versus  anneal  temperature  for 
anneal  time  of  10  s 


Temperature  ( ®  C) 

FWHM  (A) 

As-grown 

16 

650 

19 

680 

22 

700 

24 

750 

40 

800 

67 

850 

130 

900 

143 

950 

150 
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Fig.  1.  Be  diffusion  coefficient  versus  inverse  temperature. 
Inset.  Be  diffusion  length  versus  time. 


diffusion,  i.e.  D  is  time  dependent,  can  also  occur 
when  thermodynamic  equilibrium  conditions  have 
not  been  achieved  in  defect  concentration  at  the 
dopant  position  during  short  anneal  times.  This  is 
because  defects  may  be  kinetically  hindered  from 
reaching  a  dopant  layer  buried  well  below  the 
crystal  surface  owing  to  an  inherently  large  migra¬ 
tion  energy  for  the  defect.  The  latter  conditions 
would  indeed  be  expected  for  the  case  of  a  Ga 
vacancy  point  defect  and  5-Be  layers  considered 
here.  This  is  because  Ga  vacancies  diffuse  slowly 
from  the  crystal  surface  as  reported  previously  by 
Chiang  and  Pear.son  [8].  and  thus  their  concentra¬ 
tion  would  not  achieve  a  thermodynamic  equi¬ 
librium  value  at  the  6-position  over  the  anneal 
time-temperature  range  explored  here.  The  result¬ 
ing  Be  diffusion  coefficient  would  be  nonlinear 
both  temporally  and  kinetically  and  hence  not 
follow  the  simple  dependences  depicted  by  the 
data  shown  in  fig.  1.  On  the  other  hand.  Ga 
interstitials  may  rapidly  diffuse  from  the  crystal 
surface  well  into  the  bulk  and  cause  Be  diffusion 


to  follow  equilibrium  classical  behavior  much  like 
what  is  observed  in  fig.  1.  This  is  because  the  Ga 
interstitials  are  expected  to  possess  lower  migra¬ 
tion  energies  in  comparison  to  Ga  vacancy  motion 
processes.  Be  diffusion,  when  controlled  by  inter¬ 
stitials,  can  proceed  by  a  kick-out  mechanism. 
One  choice  of  the  site  exchange  mechanism  is, 
Be^.j,  Be  acceptor  on  the  Ga  sublattice,  combining 
with  1^3,  Ga  interstial  donor,  to  produce  a  Bei"^, 
interstitial  Be  ion.  and  an  electron.  Alternative 
reaction  paths  have  been  suggested  for  Column  II 
diffusion  on  the  Ga  sublattice  and  differ  with  the 
above  choice  in  either  ionization  charge  state  of  a 
constituent  or  the  defect  type  [4,5.9].  The  chemical 
configuration  considered  here  was  chosen  for 
qualitative  reasons  i.e.  (i)  defects  that  have  low 
migration  energy  and  (ii)  low  charge  states  of 
constituents  to  minimize  the  concentration  depen¬ 
dence  of  D. 


4.  Diffraction  from  6-Be  near  1  ML 

In  this  section  we  examine  localization  of  6-Be 
at  high  concentrations,  when  measured  by  high 
resolution  transmission  electron  microscopy.  HR- 
TEM.  and  high  resolution  X-ray  diffraction.  HR- 
XRD.  respectively.  Diffraction  techniques  have 
distinct  advantages  over  alternative  methods  (i.e. 
CV  and  SIMS)  in  that  the  ultimate  width  of  the 
dopant  distribution  measured  is  not  limited  by  the 
intrinsic  resolution  of  the  technique  but  instead, 
can  be  measured  to  distances  smaller  than  a  few 
A.  In  earlier  work  [10],  Ourmazd  et  al.  reported  a 
HRTEM  view  of  our  0.3  ML  6-Be  layer  grown  at 
500 °C  by  GSMBE  that  showed  spatially  localized 
contra.st  at  the  6-Be  position.  The  profile  width  of 
this  chemically  sensitive  contrast  was  15  A  which 
indicates  the  degree  of  6-Be  confinement.  \ 
HRTEM  plan  view  of  the  6  plane  further  reveals 
the  contrast  is  not  uniform  but,  instead,  consists 
of  clusters  of  diameter  12  A.  We  have  also  ex¬ 
amined  6-Be  localization  using  HRXRD  methods. 
In  this  approach  a  multiple  array  of  6-Be  sheets  at 
the  0.8  ML  level  are  periodically  grown  in  GaAs. 
They  produce  superlattice  diffraction  characteris¬ 
tics  around  the  (400)  Bragg  reflection  as  shown  in 
fig.  2.  The  measurements  were  obtained  using 


518 


J.E.  Cunningham  et  al.  /  GSMBE  growth  o/HBTs  containing  I  ML  S-Be 


Fig.  2.  X-ray  diffraction  from  0.9  ML  8-Be  superlaltice  grown  by  GSMBE  (top)  and  MBE  (bottom). 


Cu  Ka  incident  radiation  and  the  diffractometer 
operated  in  double  crystal  diffraction  geometry. 
The  diffraction  traces  in  fig.  2  correspond  to  the 
above  structure  grown  by  GSMBE  and  conven¬ 
tional  MBE  in  which  the  growth  temperatures 
were  470  and  450  °C,  the  III/V  ratios  were  1  ;5 
and  1 ;  10  and  the  period  lengths  were  750  and 
1200  A.  respectively.  It  is  clear  that  the  higher 
order  satellites  are  much  more  distinct  in  the 
GSMBE  grown  structure  and  thus  indicate  im¬ 
proved  characteristics  for  S-Be  planar  confine¬ 
ment.  We  will  show  elsewhere  that  the  spatial 
confinement  of  the  Be  is  localized  to  34  and  200  A 
for  GSMBE  and  MBE  layers,  respectively. 


5.  S-Be  HBT 

Growth  of  HBT  structures  by  GSMBE  meth¬ 
ods  consists  of  a  5000  A  collector  layer  Si  dopted 
to  5  X  10'®  cm‘^  on  a  n-type  substrate  then  fol¬ 
lowed  by  a  S-Be  concentration  near  1  ML  in 
GaAs  base  of  50-200  A  thickness.  The  emitter 
component  consists  of  a  1000  A  layer  of  graded 
AlGaAs  (x  =  0.3  to  0.0)  Si  doped  to  5  X  10’’ 
cm“’.  then  followed  by  Si  S-doped  GaAs  and 
epitaxial  Al  metal  for  non-alloyed  ohmic  contact 


(11).  The  base  and  emitter  components  of  the 
structure  were  grown  at  500  °C.  A  description  of 
selective  contacting,  processing  and  device  planar¬ 
ization  has  been  reported  elsewhere  by  Goossen  et 
al.  [12]  and  Kuo  et  al.  [13]. 

We  have  explored  device  characteristics  of  this 
structure  on  the  concentration  of  6-Be  doping  in 
the  base  as  it  varies  from  0.09  to  0.9  ML.  The 
effect  of  changing  the  base  width  from  50  to  200 
A  at  the  0.33  ML  level  is  also  examined.  Evalua¬ 
tion  of  device  transport  on  the  above  dependences 
provides  information  on  growth  abnormalities 
such  as  Be  redistribution  into  the  emitter  and  trap 
formation.  In  fig.  3a  we  present  a  Gummel  plot  of 
the  emitter- base  junction,  EB,  and  corresponding 
collector  response  for  the  0.3  ML  device  at  a  200 
A  base  layer  width.  From  an  /-  K  of  the  base-col¬ 
lector  (BC)  junction,  not  shown,  the  diode  ideality 
factor,  n,  is  1.08  and  is  a  general  feature  of  the  BC 
diode  quality  found  in  all  the  structures  listed 
above.  The  EB  junction  also  appeared  prefectly 
ideal  (i.e.,  n  =  1.0  to  1.2)  for  driving  currents 
above  100  /xA.  Hence,  nearly  perfect  diffusive 
transport  from  injector  to  the  base  occurred  in  our 
devices  under  topical  HBT  operation. 

At  lower  ci  rrents,  the  Gummel  plots  of  the  EB 
junction  reveals  components  in  the  diode  l-V 
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having  ideality  in  the  range  1.7- 1.9.  The  contribu¬ 
tion  of  the  higher  order  ideality  components  to  the 
I-V  relation  varys  considerably  with  the  5-Be 
concentration.  At  the  0.08  and  0.9  5-Be  levels,  the 
w  #  1  components  become  visible  below  the  100 
nA  and  /lA  level,  respectively.  This  strong  5-Be 
dependence  of  the  «  1  components  in  the  EB 

diode  I-V  characteristic,  and  also  their  low  tem¬ 
perature  characteristics,  are  indicative  of  tuimeling 
assisted  transport  processes  in  the  AlGaAs  emitter 
much  like  those  found  in  homogeneously  doped 
heterojunction  diodes  reported  previously  by 
Chand  et  al.  [14].  Tunneling  assisted  processes  at 
the  low  current  level  in  the  EB  junction  could 
arise  from  traps  formed  in  the  AlGaAs  owing  to 
the  low  growth  temperature  employed  to  localize 
Be.  Nevertheless,  our  devices  work  as  excellent 
HBTs  at  temperatures  as  low  2  K  and  hence  the 
number  of  traps  is  insufficient  to  affect  the  device 
performance  under  typical  operation. 

An  example  of  the  output  performance  of  an 
HBT  containing  S-Be  at  the  0.3  level  is  shown  in 
fig.  3b.  The  current  gain  is  10.  It  is  uniform  versus 
collector  current  and  the  device  has  low  output 


conductance.  The  gain  falls  to  5  for  a  50  A  base 
width  because  of  hole  back  injection  into  the 
emitter.  The  dependence  of  the  gain  on  8-Be  con¬ 
centration  is  strong  but  remarkable  systematic. 
Our  preliminary  measurements  give  gain  versus 
5-Be  concentration  as  250:0.08,  30:0.16,  10:03 
and  0.1 : 0.9  ML.  The  strong  gain  reduction  in  the 
device  at  higher  8-Be  concentration  is  indicative  of 
limitations  comprising  higher  order  p-type  depen¬ 
dences  such  as  Auger  processes  [15]  or  hole  back 
injection  [16].  At  present  there  is  no  consensus 
view  of  the  dominance  of  either  process  to  the 
gain  limitation  in  HBTs  nor  is  there  sufficient 
space  to  further  discuss  our  results  on  this  im¬ 
portant  matter. 

At  77  K  the  0.3  ML  device  has  a  current  gain 
of  100  and  sheet  base  resistance  of  150  i2/D. 
Thus,  the  8-Be  HBT  device  appears  well  suited  for 
high  frequency  applications. 

6.  Conclusion 

In  summary,  HBTs  have  been  grown  by 
GSMBE  methods  in  which  5-Be  concentrations  up 
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to  1  ML  are  spatially  confined  in  a  GaAs  base  of 
width  less  than  100  A.  These  devices  work  as 
excellent  transistors  with  a  current  gain  of  15  and 
a  sheet  resistance  of  280  12/D  for  fi-Be  at  the  0.3 
ML  level.  For  5-Be  at  the  0.8  ML  level  diffraction 
measurements  show  that  the  width  of  spread  of  Be 
during  growth  is  less  than  40  A  for  GSMBE  but  is 
200  A  for  conventional  MBE.  Although  the  mech¬ 
anism  responsible  for  dopant  surface  segregation 
during  MBE  growth  and  its  absence  during 
GSMBE  remain  incompletely  understood,  we  have 
shown  that  Be  diffusion  increases  linearly  with 
increasing  Be  concentration.  Further,  the  linear 
concentration  dependence  to  Be  diffusion  is  com¬ 
patible  with  a  kick-out  mechanism  involving 
singlely  ionized  interstitial  donors  of  Be  and  Ga. 
Since  impurity  diffusion  increases  with  Be  con¬ 
centration  and  hence  surface  segregation  then  be¬ 
comes  more  rapid,  it  follows  that  Be  is  more 
difficult  to  localize  in  the  S  plane  at  the  1  ML 
level  during  growth. 
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Abruptness  of  GaAs/AlInP  hetero-interfaces  grown  by  GS-MBE 
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The  effect  of  the  exposure  of  GaAs  and  AllnP  surfaces  to  phosphorus  and  arsenic  beams  were  studied  using  HR-TEM,  RHEED. 
XPS,  AES,  and  Raman  scattering.  The  GaAs  surface  was  found  to  be  fairly  reactive  with  respect  to  the  phosphorus  beam.  The 
exposure  of  GaAs  to  a  phosphorus  beam  for  60  s  caused  a  surface  roughness  of  at  least  20  A.  caused  by  the  formation  of  a  GaP-rich 
island.  However,  a  flat  surface  of  AllnP  was  found  to  be  structurally  stable  with  respect  to  the  arsenic  beam.  The  arsenic  beam  was 
found  to  induce  a  replacement  of  a  few  percent  of  P  atoms  by  As  atoms  in  an  AllnP  surface  layer.  An  atomically  flat  AllnP-on-GaAs 
interface  was  obtained  by  a  sequence  in  which  the  GaAs  surface  was  not  exposed  to  a  P  beam. 


Recently,  AlGalnP  lattice  matched  to  GaAs 
has  been  widely  studied  as  a  material  for  visible 
lasers  grown  by  metalorganic  vapor  phase  epitaxy 
(MOVPE)  or  by  molecular  beam  epitaxy  (MBE). 
However,  the  properties  of  interfaces  between  Al¬ 
GalnP  and  As-based  materials,  such  as  GaAs,  are 
not  well  known.  The  valence  band  offset  for  an 
AlGaInP/GaAs  interface  is  known  to  be  larger 
than  that  for  an  AlGaAs/GaAs  interface  [1,2]. 
Therefore,  a  hetero-interface  between  AlGalnP 
and  GaAs  is  considered  to  be  attractive  for  appli¬ 


cations  to  heterostructure  devices  such  as  hetero¬ 
structure  bipolar  transistor  (HBT)  [1]  and  compli¬ 
mentary  high-electron-mobility  transistor  (HEMT) 
devices.  It  is  important  to  understand  and  control 
the  properties  of  hetero-interfaces. 

We  have  already  reported  that  AlInP/GaAs 
single  quantum  wells  (SQWs)  grown  by  gas  source 
MBE  (GS-MBE)  have  a  high  quality  [3].  However, 
the  abruptness  of  AlInP/GaAs  interfaces  strongly 
depends  on  the  sequence  in  which  molecular  beams 
are  switched.  Growth  interruptions  are  indis- 


Fig.  I.  (110)  HR-TEM  image  of  (he  GaAs/ AllnP  quantum  well  grown  on  GaAs  (001)  by  sequence  A.  Marker  represents  1(X)  A. 
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Fig.  2.  Switching  sequences  of  shutters  and  valves  for  source 
materials  in  the  growth  of  AlInP/GaAs  hetero-interfaces.  In 
sequence  A.  GaAs  and  AllnP  surfaces  were  exposed  to  a  P 
beam  and  an  As  beam,  respectively,  during  the  growth  inter¬ 
ruptions  of  60  s  prior  to  the  interface  formation.  In  sequence 
B.  GaAs  surfaces  were  not  exposed  to  the  P  beam  during  the 
growth  interruptions. 


pensable  for  the  switching  of  group-V  beams  to 
form  hetero-interfaces.  Reactions  between  crystal 
surfaces  and  group-V  beams  must  occur  during 
these  growth  interruptions  [4],  In  this  paper,  we 
report  on  the  effect  of  the  exposure  of  GaAs  and 
AllnP  surfaces  to  phosphorus  and  arsenic  beams. 

AlInP/GaAs  SQWs  were  grown  on  GaAs  (001) 
at  540  °  C  by  GS-MBE,  with  various  sequences  of 
beam  switches  during  the  interface  growth.  Details 
of  the  growth  procedure  have  been  published 
elsewhere  (3).  The  structural  properties  of  the  re¬ 
sultant  interfaces  were  observed  by  high  resolution 
transmission  electron  microscopy  (HR-TEM), 
using  a  Hitachi  H-9000  UHR  which  was  operated 
at  an  accelerating  voltage  of  300  kV.  Fig.  1  shows 
a  (1 10)  HR-TEM  lattice  innage  of  an  AlInP/GaAs 
quantum  well  grown  with  the  sequence  of  beam 
switches  shown  in  Hg.  2  (sequence  A).  In  this 


Fig.  3.  RHEED  patterns  from  GaAs  (001)  akmg  [110]  aamuth 
(a)  before  and  (b)-(d)  after  expositioa  to  a  P  beam  for  60  s  at 
different  surface  temperatures:  (b)  7',-390'’C;  (c)  T,~ 
Sao'C;  (d)  T, -4W*C.  The  P  beam  was  produced  from 
decomposed  PH,  at  900”C.  The  dominant  species  of  the  P 
beam  were  monomer  P  and  dimer  P,.  The  total  flux  was  about 
lx  10'^  Pa. 
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sequence,  group-V  beams  were  switched  at  the 
same  time  that  group-lII  beams  were  shut  off. 
Then,  after  a  pause  of  60  s,  additional  growth  was 
resumed  by  opening  the  appropriate  group-lll 
shutters,  llie  resultant  GaAs-on-AlInP  interface 
was  seen  to  be  atomically  flat,  while  the  resultant 
AlInP-on-GaAs  interface  had  a  roughness  of  at 
least  20  A,  with  slight  lattice  deformation. 

Next,  the  effect  of  group-V  beams  on  the  sur¬ 
faces  of  GaAs  and  AllnP  was  studied  using  re¬ 
flection  high  energy  electron  diffraction  (RHEED), 
X-ray  photoelectron  spectroscopy  (XPS),  Auger 
electron  spectroscopy  (AES),  and  Raman  spec¬ 
troscopy.  GaAs  samples  were  exposed  for  60  s  to 
the  beam  from  decomposed  PHj  at  900 ®C  (with  a 
total  flux  was  about  1  x  10"^  Pa)  in  the  MBE 
system.  The  surface  temperature  was  varried  from 
490  to  590  ®C.  The  dominant  species  of  the  phos¬ 
phorus  beams  were  P  and  Pj. 

Fig.  3  shows  RHEED  patterns  obtained  from 
GaAs  before  and  after  exposure  to  the  phosphorus 
beam.  The  initial  GaAs  surface  exhibited  a  2  X  4 
pattern  with  strong  spots  on  the  Laue  ring  during 
the  exposition  to  an  As  beam,  indicating  that  the 
surface  was  atomically  flat.  The  RHEED  patterns 
became  spotty  after  exposure  to  the  phosphorus 
beam.  With  the  higher  substrate  temperatures,  the 
RHEED  patterns  became  more  spotty  and  dif¬ 
fused. 

XPS,  AES,  and  Raman  scattering  measure¬ 
ments  were  also  carried  out  on  these  GaAs  sam¬ 
ples.  XPS  and  AES  analyses  showed  that  the 
exposure  of  GaAs  to  the  P  beam  resulted  in  a 
remarkably  P-rich,  As-poor  layer  at  the  surface. 
The  ratios  of  the  numbers  of  P  atoms  to  As  atoms 
(P/As),  averaged  over  a  20  A  depth  from  the 
surface,  were  estimated  to  be  0.54  (T,  =  490°C), 
1.1  (r,  =  550'’C)  and  1.4  (7;-590'’C),  respec¬ 
tively,  from  the  results  of  XPS.  Using  AES,  the 
thickness  of  the  P-rich,  and  As-poor  layer  was 
evaluated  to  be  about  20  to  30  A,  and  it  became 
thicker  with  increasing  substrate  temperature. 

Fig.  4  shows  the  XPS  signals  of  Pjp  of  GaAs 
surfaces  exposed  to  P  beams.  The  signals  contain 
two  components  attributed  to  different  bonding 
configuraticms.  The  lower  energy  peaks  corre¬ 
spond  to  chemical  shifts  caused  by  Ga-P  bond¬ 
ing,  while  the  higher  peaks  are  possibly  due  to  P 
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Fig.  4.  XPS  signals  of  P2p  of  the  GaAs  surfaces  exposed  to  a  P 
beam  for  60  s.  at  different  surface  temperatures  7^.  The  ob¬ 
served  signals  ( - )  consist  of  two  components  ( - ). 

corresponding  to  chemical  shifts  caused  by  amorphous  P  and 
Ga-P  bonding,  respectively. 


atoms  in  amorphous  form.  Amorphous  P  was 
found  to  have  condensed  into  surface  defects  on 
the  basis  of  AES  and  micro-Raman  scattering 
data.  These  defects  were  presumably  related  to 
dislocations.  The  intensity  of  the  signal  which  was 
attributed  to  P  atoms  forming  GaP  bonds  in¬ 
creased  as  the  substrate  temperature  rose.  The 
GaAs  surface  and  P  beam  reacted  more  vigorously 
at  the  higher  substrate  temperatures.  This  result  is 
consistent  with  Raman  scattering  data. 

We  cannot  explain  this  phenomenon  as  a  sim¬ 
ple  process  consisting  of  As  atoms  evaporating 
from  the  GaAs  surface  and  subsequently  P  atoms 
being  adsorbed  by  the  surface.  Unidentified  strong, 
fast  chemical  reactions  seem  to  proceed  between 
the  GaAs  surface  and  the  P  beam.  This  surface 
reaction  is  considered  to  be  due  to  a  large  binding 
energy  of  GaP  in  comparison  with  that  of  GaAs. 
The  surface  roughness  of  GaAs  exposed  to  P 
beam  can  presumably  be  explained  by  the  forma¬ 
tion  of  islands  to  reduce  misHt  strain  of  the  GaP 
rich  layer. 
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Fig.  5.^110)  HR-TEM  image  of  the  GaAs/AIInP  quantum  well  grown  on  GaAs  (001 )  by  sequence  B.  Marker  represents  100  A. 


The  exposure  of  AllnP  to  an  As  beam  resulted 
in  no  appreciable  change  in  the  streak  RHEED 
pattern,  with  strong  spots  on  the  Laue  ring  being 
observed  during  the  exposition  to  the  P  beam.  A 
few  percent  of  excess  As  atoms  were  found  from 
AES  analysis  to  be  in  a  few  monolayers  of  the 
AllnP  surface  exposed  to  the  As  beam. 

Fig.  5  shows  a  (110)  HR-TEM  lattice  image  of 
an  AlInP/GaAs  quantum  well  grown  in  sequence 
B  shown  in  fig.  2.  In  this  sequence,  the  GaAs 
surfaces  were  not  exposed  to  the  P  beam  during 
the  growth  interruptions.  This  sequence  cured  the 
roughness  caused  by  the  reaction  between  the 
GaAs  surface  and  the  P  beam,  resulting  in  an 
atomically  flat  AllnP-on-GaAs  interface  with  a 
fluctuation  of  1  or  2  monolayers,  as  well  as  a 
GaAs-on-AlInP  interface.  We  also  checked  the 
fact  that  a  heterostructure  with  insufficient  growth 
interruptions  at  the  interface  from  AllnP  to  GaAs 
had  a  roughened  interface.  An  ordered  AllnP 
structure  was  not  observed  in  the  samples  we 
prepared. 

In  conclusion,  we  have  studied  the  abruptness 
of  AlInP/GaAs  interfaces  for  different  sequences 
during  GS-MBE  growth.  We  found  that  a  vigor¬ 
ous  reaction  takes  place  between  a  GaAs  surface 
and  a  P  beam,  resulting  in  an  interface  roughness 
attributed  to  the  formation  of  GaP-rich  islands  on 
the  GaAs  surface.  A  flat  AllnP  surface  was  found 
to  be  structurally  stable  with  respect  to  an  As 


beam.  However,  the  substitution  of  a  few  percent 
of  P  atoms  into  As  atoms  occurs  in  a  few  mono- 
layers  of  an  AllnP  surface  exposed  to  an  As  beam. 
The  roughness  of  the  AlInP-on-GaAs  interface 
was  suppressed  by  a  growth  sequence  that  avoided 
the  exposure  of  the  GaAs  surface  to  the  P  beam. 
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The  conditions  for  obtaining  InGaP/GaAs  heterointerfaces  which  are  laterally  uniform  and  atomically  abrupt  when  grown  by 
gas-source  MBE  are  reported.  Using  in-situ  reflection  high-energy  electron  diffraction,  double  crystal  X-ray  diffraction,  and 
transmission  electron  microscopy,  the  effects  of  a  growth  pause  on  the  interfacial  structure  and  composition  of  lattice-matched 
InGaP/GaAs  multiple  quantum  well  structures  were  studied.  It  was  found  that  by  providing  sufficient  time  for  annealing  of  the 
growth  surface,  interfacial  regions  which  correspond  to  an  intrinsic  strain  model  of  ideal  InGaP/GaAs  heteroepitaxial  interfaces 
could  be  obtained. 


1.  Introductiofi 

MBE  growth  of  InoagGao.sjP/GaAs  quan- 
tum-weU  structures  requires  switching  of  the  ar¬ 
senic  and  phosphorous  molecular  beams  at  each 
heterointerface.  We  have  recently  reported  that 
the  switching  of  the  group-V  molecular  beams  can 
produce  compositional  intermixing  and  localized 
strain  at  the  InGaP/GaAs  heterointerfaces  [1], 
We  report  here  the  conditions  for  obtaining  In- 
GaP/  GaAs  interfaces  which  are  atomically 
abrupt,  in  structure  and  composition,  when  grown 
by  gas-source  MBE.  Reflection  high  energy  elec¬ 
tron  diffraction  (RHEED),  double  crystal  X-ray 
diffraction  (DCXR),  and  transmission  electron 
microscopy  (TEM)  were  used  to  study  the  effects 
of  a  growth  pause  on  the  interfacial  abruptness 
and  composition  during  MBE  growth  of  lattice- 
matched  InGaP/GaAs  multiple  quantum  well 
(MQW)  structures.  It  was  found  that  by  allowing 
the  interface  to  anneal  before  switching  and  by 
keeping  the  time  after  switching  the  As  and  P 


beams  to  a  minimum,  laterally  uniform,  atomi¬ 
cally  abrupt  interfaces  can  be  obtained. 


2.  Experimental 

MQW  samples  were  grown  on  (100)  GaAs  sub¬ 
strates  at  approximately  530  °  C  (which  was  found 
to  be  90  °  C  below  GaAs  oxide  desorption  temper¬ 
ature)  using  conventional  Ga  and  In  MBE  effu¬ 
sion  cells  and  As  2  and  P2  molecular  beams  pro¬ 
duced  by  thermal  decomposition  of  AsH,  and 
PHj,  respectively,  in  a  single  low-pressure  crack¬ 
ing  oven  held  at  900  ®  C  [2],  All  InGaP  layers  were 
grown  at  a  rate  of  1.0  /im/h  and  PH3  flow  rate  of 
8  SCCM.  All  GaAs  layers  were  grown  at  0.5 
jim/h  and  AsHj  flow  rate  of  4  SCCM.  For  pur¬ 
poses  of  this  study  the  growth  pause  at  each 
interface  was  divided  into  two  time  periods:  the 
interval  (denoted  by  r,)  after  stopping  growth  by 
closing  the  group-III  shutters  but  before  switching 
the  group-V  beams,  and  the  interval  (ij)  after 
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switching  the  group-V  beams  but  before  recom¬ 
mencing  growth.  In  a  previous  report  [1],  we 
showed  that  during  the  interval  /2>  significant 
compositional  intermixing  occurs  at  the  interfaces 
if  t2>  6  s.  For  this  report  we  have  kept  tj  =  1  s  to 
minimize  intermixing  and  examined  the  effects  of 
changing  only  tj. 

Each  sample  consisted  of  a  1  ftm  InGaP  buffer 
layer,  followed  by  a  20-period  MQW  region  of 
InGaPf  -  240  A)/GaAs(  ~  95  A),  capped  off  with 
0.25  /im  of  InGaP.  The  InGaP/GaAs  MQWs 
were  examined  by  computer  controlled  DCXR 
diffractometer  using  Cu  Ka,  radiation  and  the 
(400)  reflection.  Computer  simulations  using  the 
analytical  Takagi-Taupin  equations  of  dynamical 
X-ray  scattering  theory  were  performed  for  struct¬ 
ural  analysis  of  the  MQWs  [3].  TEM  was  per¬ 
formed  with  a  JEM  2000EX  microscope  operated 
at  200  kV. 


3.  Results  and  discussion 

For  the  substrate  temperature  used,  a  (2x1) 
RHEED  reconstruction  pattern  was  observed  dur¬ 
ing  growth  of  both  the  GaAs  and  InGaP  layers. 
During  the  growth  pause,  the  two-fold  patterns  on 
the  GaAs  surface  became  sharper  with  increasing 
r,.  with  the  first-order  Laue  ring  appearing  at 
t,  ~  10  s.  No  noticeable  change  in  RHEED  pat¬ 
tern  on  the  InGaP  surface  was  observed  for  r, 
lasting  up  to  90  s,  unlike  our  earlier  observations 
during  interval  tj  where  the  RHEED  pattern  be¬ 
came  diffuse  and  eventually  spotty  [1], 

The  interface  quality  and  layer  thickness  of  the 
InGaP/GaAs  MQW  samples  of  [011]  and  [001] 
cross-sections  were  determined  by  TEM.  Layer 
thicknesses  agreed  with  E>CXR  data  and  high 
resolution  TEM  lattice  images  showed  coherent 
MQWs  with  uniform  layer  thicknesses  and  hetero¬ 
interfacial  regions  of  1-3  biatomic  layers  in  thick¬ 
ness. 

The  measured  X-ray  spectra  for  a  sample  with 
r,  —  90  s.  shown  in  fig.  la.  exhibits  a  large  number 
of  intense,  well-defined  satellite  peaks.  The  full 
width  at  half  maximum  (FWHM)  of  the  peaks  for 
the  InGaP  cap  layer,  the  GaAs  substrate,  and  the 
MQW  for  n « 0  were  28,  19,  and  35  arc  sec. 


Fig.  1.  DCXR  diffraction  spectra  for  InGaP/GaAs  MQW 
beterostnjciures.  (a)  ExpeiintenlaJ  data  for  “  90  s  and  =■  1 
s.  The  MQW  period  is  341  ±7  A.  (b)  Simulated  spectrum 
using  the  model  shown  in  the  insert  for  one  period  of  the 
MQW  region. 


respectively.  The  FWHM  averaged  over  the  four 
strongest  satelUte  peaks  was  51  arc  sec  for  fj  =  1  2, 
30  arc  sec  for  /,  =  7  s,  and  26  arc  sec  for  /,  =  90  s. 
For  DCXR  diffraction  of  MQW  structures,  nar¬ 
row  satellite  peaks  are  an  indication  of  strong 
periodicity,  a  high  degree  of  lateral  uniformity, 
and  well-defined  interfaces.  Thus,  the  observed 
change  in  the  satellite  peaks  imphes  the  interface 
quality  improved  as  f,  was  increased. 

For  comparison,  the  simulated  DCXR  spec¬ 
trum  in  fig.  lb  was  obtained  using  the  four-layer 
model  shown  for  each  period  of  the  MQW  stack 
in  the  insert.  In  the  model,  each  interfacial  region 
consists  of  a  layer  differing  in  composition  from 
that  of  the  InGaP  barrier  layer  or  the  GaAs  well 
layer.  Here  the  thicknesses  and  composition  of  the 
interfacial  regions  were  based  on  the  intrinsic 
strain  model  of  Vandenberg  et  al.  [4],  where  the 
switching  of  the  As  and  P  beams  at  alternating 
interfaces  during  growth  produces  asymmetrical 
ordering  of  the  atomic  layers.  The  strained  interfa¬ 
cial  regions  arise  because  of  the  differences  in 
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Fig.  2.  Experimental  DCXR  diffraction  spectra  for  rj  - 1,  7, 
and  90  s,  and  calculated  spectrum  using  an  intrinsic  strain 
model,  in  the  expanded  region  near  the  n  =  0  MQW  peak. 


atomic  bond  length  between  As  and  P  [4],  We 
assume  here  that  the  intrinsic  strain  model  repre¬ 
sents  ideal  InGaP/GaAs  interfaces.  The  alloy 
compiosition  Ino.472Gao,52gP  was  determined  from 
the  separation  of  the  InGaP  and  GaAs  peaks.  The 
overall  experimental  spectrum  for  /,  =  90  s  is  seen 
to  match  reasonably  well  the  simulated  spectrum 
based  on  the  intrinsic  strain  model. 

By  examining  the  effect  of  varying  /,  on  the 
position  of  the  /i  —  0  DCXR  peak,  additional  in¬ 
formation  about  the  interfaces  can  be  obtained. 
Fig.  2  shows  the  measured  DCXR  spectra  for 
three  different  samples  with  f,  =  1,  7,  and  90  s 
along  with  the  simulated  spectrum  from  the  intrin¬ 
sic  strain  model.  The  experimental  DCXR  spectra 
were  carefully  measured  at  a  location  in  each 
sample  with  the  same  alloy  composition,  as  shown 
by  identical  separations  of  the  GaAs  (w)  and 
Ino,472Ga(,52gP  (b)  peaks.  With  increasing  f,  the 
measured  n  —  0  peak  is  observed  to  shift  toward 
the  position  of  ^e  n»0  peak  of  the  theoretical 
spectra.  The  /i  »  0  angular  position  represents  the 
average  strain  present  in  the  MQWs  and  is  a 
function  of  the  strain  and  thicknesses  of  the  well. 


barrier,  and  interfadal  layers  [1,2].  Small  varia¬ 
tions  in  the  well  and  barrier  thicknesses  from 
sample  to  sample  can  not  explain  such  a  large 
shift  in  the  n  =  0  peak.  Since  the  angular  sep¬ 
aration  between  the  w  and  b  peaks  in  fig.  2  does 
not  change  with  fj,  the  strain  produced  by  the 
mismatch  of  the  well  and  barrier  layers  is  not 
changing  with  Thus,  the  interfacial  layers  must 
be  responsible  for  the  observed  shift.  Further¬ 
more,  since  the  n  =  0  peak  is  shifting  towards  the 
n  =  0  position  calculated  from  the  model,  it  can  be 
concluded  that  the  heterointerfaces  become  more 
ideal  as  r,  increases. 


4.  Conclusions 

In  summary,  the  effect  of  varying  the  time 
the  interval  during  the  growth  pause  before 
switching  the  group-V  molecular  beams,  on  the 
quality  of  InGaP/GaAs  interfaces  grown  by  gas- 
source  MBE  has  been  investigated.  To  miiumize 
intermixing  of  the  As  and  P  at  the  interfaces,  the 
time  ^2  3fter  switching  the  group-V  molecular 
beams  was  kept  small.  It  was  found  that  longer 
values  of  f,  produced  laterally  uniform,  atomi¬ 
cally  abrupt  interfaces,  as  evidenced  by  narrow 
E>CXR  satellite  peak  widths  and  high  resolution 
TEM  images.  Furthermore,  it  was  shown  that  by 
increasing  t,  interfacial  regions  which  correspond 
to  an  intrinsic  strain  model  of  ideal  InGaP/GaAs 
h'etei<oepitaxial  interfaces  could  be  obtained. 
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A  review  of  CBE,  MOMBE  and  GSMBE 

W.T.  Tsang 

AT&T  Bell  Laboratories,  Murray  Hill,  New  Jersey  07974,  USA 


This  paper  reviews  briefly  the  recent  progress  in  III-V  compound  semiconductor  epilayer  and  heterosiructure  preparations  by  the 
three  different  approaches:  chemical  beam  epitaxy  (CBE,  employing  both  vapor  group  III  and  group  V  sources),  metalorganic 
molecular  beam  epitaxy  (MOMBE,  employing  vapor  group  Iff  and  solid  group  V  sources),  and  gas  source  molecular  beam  epitaxy 
(GSMBE,  employing  solid  group  III  and  vapor  group  V  sources).  The  results  obtained  so  far  clearly  demonstrated  that  high  quality 
InGaAsP/lnP  materials  and  heterostiuctures  suitable  for  state-of-the-art  device  applications  can  be  routinely  prepared  by  CBE.  With 
new  metalorganic  aluminum  compounds  becoming  available,  high  quality  GaAs/AlGaAs  with  low  residual  carbon  background  also 
has  successfully  been  prepared  recently.  GaAs/AlGaAs  modulation  doped  field-effect  transistors  prepared  by  CBE  have  similar 
device  performance  as  those  prepared  by  molecular  beam  epitaxy.  Recently,  there  is  also  a  great  interest  in  using  CBE  for  the 
preparation  of  Si.  SiGe,  and  II-VI  compound  semiconductor  layers. 


1.  introduction 

Within  the  past  few  years  the  progress  in  chem¬ 
ical  beam  epitaxy  (CBE)  has  been  tremendous  [1]. 
At  present,  almost  every  major  electronics  labora¬ 
tory  has  a  research  and  development  effort  in 
CBE  or  related  growth  process.  The  results  ob¬ 
tained  so  far  clearly  demonstrated  that  high  qual¬ 
ity  InGaAsP/InP  materials  and  heterostructures 
suitable  for  state-of-the-art  device  applications  can 
be  routinely  prepared  by  CBE.  With  new  meta¬ 
lorganic  aluminum  compounds  becoming  availa¬ 
ble.  high  quality  GaAs/AlGaAs  with  low  residual 
carbon  background  also  has  successfully  been  pre¬ 
pared  recently.  GaAs/AlGaAs  modulation  doped 
field-effect  transistors  prepared  by  CBE  have  simi¬ 
lar  device  performance  as  those  prepared  by 
molecular  beam  epitaxy  (MBE). 

Here,  some  of  the  important  recent  research 
results  will  be  reviewed  briefly.  Due  to  the  short 
interval  between  this  conference  review  and  the 
one  at  the  Workshop  on  MOMBE,  CBE,  GSMBE, 
and  Related  Techniques.  Aachen,  Germany,  in 
June  1990,  the  content  of  this  review  is  similar  to 
that  presented  at  the  Workshop.  A  special  issue  of 


the  Journal  of  Crystal  Growth  containing  papers 
in  this  area  can  be  found  in  Vol.  105,  Nos.  1-4, 
October  1990. 

To  date,  the  commonly  recognized  definitions 
of  the  various  techniques  are: 

Chemical  beam  epitaxy  (CBE)  is  taken  to  employ 
both  vapor  group  111  and  group  V  starting  sources. 
Metalorganic  MBE  (MOMBE)  employs  vapor 
group  III  and  elemental  group  V  sources. 

Gas  source  MBE  (GSMBE)  employs  elemental 
group  111  and  vapor  group  V  sources. 

These  techniques  are  bridging  the  gap  between 
the  now  established  techniques  of  molecular  beam 
epitaxy  and  metalorganic  vapor  phase  epitaxy 
(MOVPE).  The  increasing  use  of  new  metalor¬ 
ganic  starting  sources  and  the  reduction  in  reactor 
pressure  are  major  factors  in  the  novel  effects  and 
advantages  that  are  beginning  to  become  apparent 
from  these  crystal  growth  methods.  In  particular, 
the  combination  of  the  versatility  of  MOVPE  to¬ 
gether  with  the  molecular  beam  properties  of  MBE 
was  seen  to  be  a  powerful  tool  for  both  the  crystal 
growers  and  the  device  designers. 

Important  and  rapid  progress  has  been  made  in 
several  areas;  (1)  system  designs.  (2)  understand- 
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ing  of  growth  kinetics,  (3)  preparation  of  high- 
quality  compound  semiconductor  materials  and 
heterostructures,  (4)  electronic  and  photonic  de¬ 
vice  applications,  (5)  silicon  epitaxial  growth,  (6) 
new  vapor  sources,  (7)  photon  and  electron  as¬ 
sisted  growths,  and  (8)  atomic  layer  epitaxy.  In 
particular,  the  use  of  metalorganic  compounds  has 
stimulated  a  very  active  and  fruitful  research  into 
growth  mechanisms.  This  will  also  undoubtedly 
lead  to  a  greater  understanding  of  the  two  parent 
technologies,  MBE  and  MOVPE.  The  commercial 
success  of  these  new  technologies,  in  terms  of 
simpler  and  more  efficient  equipment,  was  always 
in  evidence. 


2.  GSMBE 

For  GSMBE,  Lambert  et  al.  [2]  reported  the 
growth  of  high  purity  InP  having  77  K  mobilities 
as  high  as  112.000  cmVV  •  s  with  residual  carrier 
concentrations  of  2  X  10'“*  cm~  ’.  4.2  K  photo¬ 
luminescence  spectra  are  dominated  by  free-exci- 
ton  and  neutral  donor-exciton  transitions.  Gold¬ 
stein  [3]  also  reported  the  preparation  of  high 
performance  InGaAsP/InP  optical  devices,  i.e., 
simiconductor  amplifier  and  multiquantum  well 
distributed  feedback  (MQW-DFB)  lasers.  MQW- 
DFB  base  wafers  have  performance  similar  to 
those  prepared  by  MOVPE.  Davies  et  al.  [4]  re¬ 
ported  results  that  state-of-the-art  quantum  con¬ 
fined  stark  effect  4x4  arrays  of  modulators  can 
be  prepared  by  GSMBE.  In  order  to  further  im¬ 
prove  the  characteristics  of  the  modulators,  they 
developed  the  double  sided  epitaxy,  where  matched 
pairs  of  MQWs  were  grown  on  both  sides  of  the 
same  InP  wafer.  This  enables  devices  on  either 
side  of  the  wafer  to  be  optically  coupled  through 
the  transparent  substrate,  but  individually  addre¬ 
ssed.  Nakajima  et  al.  [5]  reported  the  electrical, 
optical  and  structural  properties  of  GSMBE  grown 
Aln  jIn^jP  and  GaosInojP  epilayers  for  visible 
laser  applications.  Kishino  et  al.  [6]  recently  suc¬ 
ceeded  the  preparation  of  GaInP/AlInP  lasers 
using  a  multiple  quantum  barrier.  They  obtained 
threshold  current  density  as  low  as  840  A/cm^ 
operating  at  660  nm. 


3.  MOMBE 

For  MOMBE,  the  advantage  lies  in  safety.  This 
is  very  suitable  for  investigating  the  growth  mech¬ 
anisms  using  metalorganic  sources.  Two  major 
surface  diagnostic  techniques  commonly  used  in 
these  experiments  are  the  reflection  high  energy 
electron  diffraction  (RHEED)  intensity  oscilla¬ 
tions  and  modulated  beam  mass  spectrometry 
(MBMS).  The  RHEED  intensity  oscillation  mea¬ 
surements  were  first  employed  by  Tsang  et  al.  [7] 
to  study  the  dependence  of  growth  rates  on  sub¬ 
strate  temperatures  and  flow  rates  during  CBE. 
Robertson  et  al.  [8]  of  the  same  laboratories  subse¬ 
quently  devised  a  model  to  explain  the  observed 
results.  Martin  and  Whitehouse  [9]  using  MBMS 
confirmed  several  areas  of  the  model  particularly 
relating  to  the  dominant  role  of  diethylgallium 
(DEGa)  in  the  GaAs  growth  process  and  its  sub¬ 
sequent  desorption  in  the  higher  substrate  temper¬ 
ature  regime.  Further,  their  results  also  support 
the  assumption  that  the  desorption  reactions  of 
monoethylgallium  (MEGa)  do  not  play  a  major 
role  in  the  growth  process.  Fig.  1  shows  the  de¬ 
sorption  of  DEGa,  MEGa  and  Ga  ions  flux  as  a 
function  of  substrate  temperature.  Data  are  cor¬ 
rected  for  TEGa  cracking-pattern  due  to  the  mass 
.spectrometer.  Another  important  experiment  car¬ 
ried  out  by  them  is  to  study  the  competing  surface 
reactions  between  TEGa  and  triethylindium,  TEln 
in  an  effort  to  try  to  shed  some  light  on  the 
anomalous  changes  in  alloy  growth  and  composi¬ 
tion  observed  in  InGaAs  CBE  growth.  They  ob¬ 
served  that  with  the  presence  of  incident  TEln 
flux.  DEGa  desorption  is  substantially  enhanced 
and  hence  reduced  the  Ga  uptake  in  growing 
InGaAs  during  CBE  or  MOMBE.  This  effect  be¬ 
comes  serious  at  high  temperatures.  limura  et  al. 
(10)  also  reported  the  observation  of  surface  segre¬ 
gation  of  indium  during  CBE  growth  of  InGaAs. 

4.  CBE 

An  extensive  review  on  the  progress  in  CBE  is 
given  by  Tsang  in  ref.  [1].  Very  high  quality  epi¬ 
layers  of  InGaAs,  InP,  INGaAsP  were  reported. 
InGaAs  lattice-matched  to  InP  was  reproducibly 
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SUBSTRATE  TEMPERATURE  [*C1 

Fig.  1.  Desorbing  DEGa.  MEGa,  and  Ga  ion  signed  Hux  as  a 
function  of  substrate  temperature  as  measured  by  modulated 
beam  mass  spectrometry.  Data  corrected  for  TEGa  cracking- 
pattern  contribution.  After  ref.  18|. 


grown  by  several  laboratories  having  the  (004) 
X-ray  Bragg  reflection  linewidth  as  narrow  as  17 
arc  sec  for  ~  2  thick  layers.  Such  extreme 
composition  uniformity  was  also  supported  by 
results  from  Auger  depth  profiles  and  2  K  photo¬ 
luminescence  (PL)  measurements.  Very  intense  ef¬ 
ficient  luminescence  peaks  due  to  excitonic  transi¬ 
tions  with  linewidths  (FWHM)  as  narrow  as  1.2 
meV  were  obtained.  This  represents  the  narrowest 
linewidth  ever  reported  for  GalnAs  grown.  Hall 
measurements  of  2-5  /im  thick  epilayers  grown  on 
InP  substrates  have  mobilities  of  10,(XX)-12,000 
and  40,(XX)-67.000  cmVv  •  s  at  300  and  77  K  with 
n  in  the  range  of  5  X  10'‘’-5  X  10'*  cm“  \  as  sum¬ 
marized  in  fig.  2.  Though  these  results  were  ob¬ 
tained  in  1986  by  Tsang,  they  still  represent  the 
best  results  thus  far.  Much  work  has  also  been 
done  on  the  growth  of  InP  by  CBE.  Benchimol  et 
al.  [11],  Heinecke  et  al.  [12]  and  Rudra  et  al.  [13] 
have  prepared  InP  epilayers  with  background  im¬ 
purities  as  low  as  2  X  10'“*  cm  and  77  K  mobili¬ 
ties  as  high  as  1.54  x  10*  cmV'^  •  s-  Low-tempera¬ 
ture  PL  reveals  excitonic  peaks  (D".  X)n  with  n 
up  to  6.  Excitonic  linewidths  as  narrow  as  0.08 


Fig.  2.  77  K  Hall  mobility  versus  background  net  electron  concentration  for  closely  lattice-matched  InGaAs  epilayers  without 

two-dimensional  electron  gas  effect.  After  ref.  [1 ). 
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Fig.  3.  Hall  mobility  as  a  function  of  free  carrier  concentration  in  Si-doped  GaAs  at  300  K  (a)  and  77  K  (b).  Experimental  data  for 
GSMBE  grown  using  AsHj+TEGa  (•),  AsH,-l-Ga  (O).  and  MBE  grown  using  As4-l-Ga  (a).  The  solid  lines  in  (b)  are  Hall 
mobilities  calculated  for  different  compensation  ratios  N^/^o-  The  sohd  line  in  (a)  is  calculated  using  Hilsum’s  empirical  formula. 

After  ret.  [14].. 


meV  were  obtained.  Such  results  are  similar  to 
those  obtained  by  low-pressure  MOVPE  InP. 

Ga,In,  _,As,  P,  epilayers  closely  lattice- 
matched.  4a/a  ~  <  5  X  lO"*,  have  been  repro- 
ducibly  grown  over  the  whole  range  of  composi¬ 
tions  (  V  =  2.2x.  1  >  V  >  0).  Very  intense  efficient 
luminescence  peaks  due  to  excitonic  transitions 
with  linewidths  (FWHM)  as  narrow  as  3  meV 
were  obtained  [2].  Such  a  linewidth  corresponded 
closely  to  the  intrinsic  linewidth  due  to  alloy 
scattering  in  GalnAsP  alloys. 

Houng  [14]  and  Chiu  et  al.  [15]  reported  GaAs 
epilayers  with  2  X  10'“  cm"’  and  300  K  mobility 
of  490-518  cm’/V  •  s.  Intentional  Si  doping  of 
GaAs  epilayers  using  an  elemental  Si  source, 
yielded  controlled  carrier  concentrations  from  7  X 
10'“  to  8  X  10'*  cm  ’  with  77  K  mobilities  from 
62.700  to  2500  cm^/V  ■  s,  as  shown  in  figs.  3a  and 
3b  for  300  and  77  K  results,  respectively  [14]. 
Residual  carbon  incorporation  was  reduced  in  Al- 
GaAs  by  giowing  at  560  °C  and  using  triiso- 
butylaluminum  such  that  77  K  two-dimensional 
electron  gas  mobilities  as  high  as  88.600  cm'/V  •  s 
were  obtained  [16].  The  Alg  jjGao  77AS  spacer  layer 
is  150  A.  The  resulting  77  K  sheet  concentration  is 
5.6x10"  cm  ■^.  Such  value  is  similar  to  those 
obtained  by  MBE.  In  this  case,  for  sheet  con¬ 
centration  of  4.6  X  10"  cm“^,  the  77  K  mobility  is 
93.400  cm^/V  •  s.  Recently,  high  quality  AIGaAs 


epilayers  were  also  prepared  by  CBE  using  tri- 
methylamine  alane  (TMAAl)  [17].  Fig.  4  shows  the 
carbon  concentration  versus  AlAs  mole  fraction  of 
AIGaAs  grown  from  TEGa  and  either  TEAl  or 
TMAAl.  In  fig.  5  the  carbon  concentration  versus 


Fig.  4.  The  carbon  concentration  versus  AlAs  mole  fraction  of 
AIGaAs  grown  from  TEGa  and  either  TEAI  or  TMAAl.  After 
ref.  [17], 
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Fig.  5.  The  carbon  concentration  versus  growth  temperature 
for  GaAs  and  AIGaAs  using  different  combinations  of  metal- 
organic  sources.  After  ref.  [17]. 


growth  temperature  for  GaAs  and  AIGaAs  is 
shown  for  different  source  combinations. 

Excellent  results  continue  to  be  reported  on 
InGaAs/InP  quantum  wells  and  superlattices. 
Significant  improvement  was  also  obtained  from 
GaAs/ AIGaAs  quantum  wells. 


5.  Doping  studies 

Impurity  doping  from  vapor  sources  is  more 
advantageous  over  solid  sources  in  CBE.  Weyers 
and  co-workers  [18]  have  carried  out  a  rather 
extensive  study  surveying  the  suitability  of  various 
vapor  sources  as  n-  and  p-type  dopants  in  GaAs 
and  InP.  The  following  dopant  sources  were 
studied  by  them:  silane  (SiH4),  disilane  (Si^H^,). 
triethylsilane  (TESiH,  (CjHjljSiH),  diethyltel- 


luride  (DETe,  Te(C2H5)2)  and  tetraethyltin 
(TESn,  Sn(C2H5)4)  as  n-type  dopants,  biscyclo- 
penta-dienylmagnesium  (Cp2Mg,  Mg(C5H5)2),  di- 
ethylzinc  (DEZn,  Zn(C2H5)2)  and  diethylberyl- 
lium  (DEBe,  Be(C2H5)2)  as  p-type  dopants.  Tri- 
methylgallium  (TMGa,  Ga(CH3)3),  trimethylar- 
senic  (TMAs,  As(CH3)3)  and  acetylene  (C2H2)  as 
carbon  dopant  in  GaAs. 

Carbon  is  becoming  a  very  important  p-type 
dopant  in  GaAs.  Its  incorporation  is  particularly 
convenient  in  CBE  and  MOMBE  growth.  It  can 
be  incorporated  by  simply  using  some  TMGa  flow 
and  adjusting  the  growth  conditions  properly  dur¬ 
ing  growth  of  GaAs  using  TEGa.  Konagai  and 
co-workers  [19]  reported  that  carbon  concentra¬ 
tion  up  to  10^'  cm“’  have  been  obtained  and  they 
are  electrically  active.  It  is  also  confirmed  that  C 
does  not  segregate  or  diffuse  [20].  This  is  demon¬ 
strated  by  the  S-doped  structure  shown  in  fig.  6. 
The  doping  spike  of  7  X  lO”  cm“  \  as  measured 
by  Polaron  profiling,  has  a  full-width  at  half-maxi¬ 
mum  of  ~  50  A.  This  is  very  important  for  device 
applications,  especially  for  bipolar  transistors 
where  high  doping  and  sharp  profiles  are  required. 

InP  epilayers  having  high  resistivities  (>  10’  Q 
cm)  were  reported  by  Tsang  et  al.  [21]  over  a  wide 


10*0 


10^*1  ■  I 

0.5  1.0  1.5 

DEPTH  (/im) 

Fig.  6.  Polaron  profile  of  carbon  8-doped  sample.  After  ref. 
1181. 
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Fig.  7.  Plot  of  measured  resistivities  as  a  function  of  Fe  source 
temperatures.  The  inset  shows  the  device  structure  for  resistiv¬ 
ity  measurement. 


range  of  Fe  concentrations.  Resistivities  as  high  as 
1.3  X  10*  Q  cm  have  been  obtained,  as  shown  in 
fig.  7.  Such  resistivity  is  almost  equal  to  the  theo¬ 
retical  value  of  1.37  X  10*  il  cm  that  is  estimated 
for  intrinsic  InP. 


6.  Alternative  sources 

The  hazard  posed  by  the  group  V  hydrides, 
AsH,  and  PHj,  together  with  the  desire  for  pre¬ 
cursor  molecules  producing  higher  quality  layers 
has  motivated  the  development  of  new,  metalor- 
ganic  group  V  and  even  group  III  precursor  mole¬ 
cules.  Stringfellow  [22]  gives  a  very  thorough 
survey.  For  group  III  alternate  sources,  triiso- 
butyl-gallium  and  -aluminum  (TIBGa  and  TIBAl), 
and  alane  (A1H3{CH3)3N)  are  very  promising 
sources  for  further  reducing  the  carbon  residual 
incorporation  problem  in  the  CBE  and  MOMBE 
growth  of  GaAs  and  AlGaAs.  As  for  group  V 
alternate  sources,  triisobutyl-arsine  and  -phos¬ 
phine,  and  plienyl-arsine  appear  to  be  quite  prom¬ 
ising  as  replacements  for  the  hydrides.  When 
phenyl-arsine  is  used,  no  pre-cracking  is  needed. 


Excellent  InGaAs/InP  quantum  well  results  were 
obtained  by  Ritter  et  al.  [23]  using  triisobutyl- 
arsine  and  -phosphine. 

7.  Laser-assisted  CBE  and  ALE 

Laser-assisted  CBE  and  atomic  layer  epitaxy 
(ALE)  has  been  studied  employing  a  multi-line 
Ar"^  laser  and  RHEED  technique  by  Doi,  Aoyagi 
and  Namba  [24].  Two  major  findings  are:  (1)  the 
decomposition  rate  of  "tEGa  is  enhanced  to  a 
greater  extent  on  an  As  surface  in  comparison 
with  that  on  a  Ga  surface  under  Ar"^  laser  irradia¬ 
tion,  (2)  the  laser  irradiation  also  enhances  the 
surface  migration  of  the  absorbed  surface  mole¬ 
cules.  Chiu  et  al.  [25]  also  conducted  atomic  layer 
epitaxy  of  GaAs  employing  CBE  using  TMGa. 
The  one-monolayer  self-limiting  process  is  clearly 
observed  using  RHEED  intensity  oscillations. 


8.  Si  CBE 

In  order  to  maximize  the  technological  impact 
of  Si  MBE  and  completely  eliminate  the  par¬ 
ticulate  problems  associated  with  conventional  Si 
MBE,  silicon  CBE  using  gas  sources  is  very  attrac¬ 
tive  and  potentially  important.  Silicon  CBE  also 
adds  the  capability  of  deposition  on  selected  areas 
of  the  substrate  wafer,  which  conventional  Si  MBE 
cannot  do.  Hirayama  and  Koyama  [26]  investi¬ 
gated  the  growth  using  disilane  and  obtained  a 
low- temperature  growth  rate  of  1  A/s.  They  found 
that  B,  Sb  and  P  doping  are  possible  using  HBOj 
cell,  ionization  cell  and  PH  3  gas  doping  method, 
respectively.  Transistors  show  normal  common- 
emitter  I-V  characteristics  (Aip£~30).  Selective 
epitaxial  growth  was  employed  to  fabricate 
Si,_,Ge^  base  heterojunction  bipolar  transistors 
(HBTs)  using  disilane  and  germane. 


9.  CBE  of  II-VI  compound  semiconductors 

Research  has  also  been  started  by  several  groups 
to  use  CBE  for  the  growth  of  II-VI  compounds, 
e.g.  ZnSe,  ZnS,  CdTe,  HgTe,  and  HgCdTe,  etc. 
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The  major  advantage  offered  by  CBE  is  the  super¬ 
ior  flux  control  and  stability  throughout  the  run 
and  from  run  to  run.  Recently,  Benz  II  et  al.  [27] 
reported  the  growth  of  high  quality  CdTe,  HgTe, 
and  their  alloys  by  CBE  using  diethylcadium,  di- 
isopropyltelluride  and  Hg  vapor. 


10.  Device  applications 

With  such  high  quality  materials  and  hetero¬ 
structures,  a  large  variety  of  optical  and  electronic 
devices  with  very  high  performance  have  been 
grown  by  CBE,  mostly  due  to  Tsang  and  his 
co-workers  [1].  These  include  GalnAs  p-i-n  pho¬ 
todiodes,  APDs,  photoconductive  detectors,  pho¬ 
to-transistors,  GaAs  double-heterostructure  (DH) 
lasers,  1.3  and  1.5  pm  wavelength  GalnAsP  DH 
lasers,  GalnAs/InP  QW  lasers,  very-low-loss 
GalnAs/InP  optical  waveguides,  superlattice  opti¬ 
cal  logic  etalons,  GalnAs/InP  high-mobility  two- 
dimensional  electron  gas  FETs,  GalnAs/InP 
MIS-FETs,  very-thin-base  (150  A)  bipolar,  tunnel¬ 


ing  diodes,  distributed  Bragg  reflector  (DBR)  laser, 
Fe-doped  InP/InGaAs  metal-semiconductor- 
metal  (MSM)  photodetector,  and  integrated 
MSM-FET  photoreceivers,  QW  optical  modula¬ 
tion,  quantum  switched  heterojunction  bipolar 
transistors,  etc.  For  a  review,  see  ref.  [1].  Though 
some  of  these  devices  were  prepared  several  years 
ago,  their  performance  results  still  are  among  the 
best  today. 

Recently,  Tsang  et  al.  [28]  have  demonstrated 
the  first  successful  preparation  of  InGaAs/In- 
GaAsP  multiquantum  well  (MQW)  lasers  grown 
by  CBE.  The  broad-area  threshold  current  densi¬ 
ties  of  standard  (not  graded  index)  separate  con¬ 
finement  heterostructure  (SCH)  MQW  lasers  were 
as  low  as  860  and  —  590  A/crnr^  for  cavity  lengths 
of  500  and  1500-3500  pm.  Such  values  are  similar 
to  those  obtained  from  MQW  wafers  employing 
the  more  advanced  graded  index  SCH  (GRIN- 
SCH)  grown  by  MOVPE  [29-31].  Buried  hetero¬ 
structure  lasers  [32,33]  also  have  similar  threshold 
currents,  i.e.,  25-40  mA  for  300-1500  long  cavi¬ 
ties  as  shown  in  fig.  8.  Pulses  and  CW  output 


CAVITY  LENGTH  (pm) 

Fig.  8.  The  threshold  currents  as  a  function  of  cavity  lengths  of  CBE-grown  standard  SCH  MQW  BH  lasers,  MOVPE-grown  strained 

SCH.  After  ref.  (32). 
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Fig.  9.  The  pulsed  and  CW  output  power  versus  current  for  a 
SCH  MQW  BH  laser  with  AR-HR  coating  of  -  5%  and 
-85%. 


power  at  1.57  fim  as  high  as  216  and  140  mW  were 
obtained  from  1  mm  long  lasers  having  anti-reflec¬ 
tion  and  high  reflection  coatings  of  ~  5%  and 


—  85%,  as  shown  in  fig.  9.  The  layer  thickness 
uniformity  is  better  than  ±1%  across  a  2-inch 
diameter  wafer.  By  introducing  strain  into  the 
In^Ga,_^As  quantum  wells,  threshold  current 
density  as  low  as  370  A/cm^  was  obtained  for  a 
four  quantum  well  laser  having  x  =  0.65  and  well 
thickness  of  50  A.  Such  value  is  among  the  lowest 
threshold  current  densities  obtained  for  1.5  ft  m 
multiple  quantum  well  lasers.  Fig.  10  shows  a 
comparison  of  lattice-matched  and  strained  quan¬ 
tum  well  lasers. 

In  short,  it  has  been  thoroughly  investigated 
and  demonstrated  that  the  InGaAsP/InP  opto¬ 
electronic  devices  prepared  by  CBE  are  no  doubt 
among  the  best  performance  as  those  similar  de¬ 
vices  prepared  by  MOVPE  and  LPE.  (Note  that 
MBE  is  not  suited  for  preparing  InGaAsP  materi¬ 
als.)  With  the  improved  qualities  of  AlGaAs  grown 
by  CBE  using  new  Ai  compounds,  there  is  also  a 
significant  improvement  in  the  AlGaAs/GaAs  de¬ 
vice  performance  reported. 

Houng  and  co-workers  [14,16]  have  optimized 
the  CBE  growth  conditions  for  GaAs  and  AlGaAs 
using  TEGa  and  TEAl.  Table  1  shows  the  2DEG 
properties  of  the  CBE  AlGaAs/GaAs  modula¬ 
tion-doped  heterostructure  with  a  thin  spacer  layer 
(30  A).  The  values  are  comparable  to  that  of  films 
of  a  similar  structure  grown  by  OMVPE  or  ele- 


0  500  1000  1500  2000  2500  3000  3500  4000 

CAVITY  LENGTH 

Fig.  10.  A  comparison  of  the  threshold  current  densities  for  lattice-matched  CBE-grown,  MOVPE-grown  and  CBE-grown 

strained-layer  multiple  quantum  well  lasers. 
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Table  1 

Electrical  properties  of  modulation-tloped  structure  with  a  30 
A  AIGaAs  spacer  layer 


Technique 

JVj  (cm 

jt  (cmVv  •  s) 

300K 

77  K 

300K 

77  K. 

CBE 

1.1  X 10’^ 

1.0  X 10'^ 

7100 

47400 

MOeVD 

1.4x10'^ 

1.4x10'^ 

6300 

42000 

MBE 

1.2X10'^ 

1.0  X 10'^ 

7060 

54600 

mental-source  MBE  technique.  It  is  seen  that  for 
practical  device  structure  applications,  the  two-di¬ 
mensional  electron  gas  (2DEG)  mobilities  are  very 
similar.  In  a  more  recent  experiment  using  triiso- 
butylaluminum  (TIBAl)  instead  of  TEAl,  further 
improvement  is  obtained.  In  a  2DEG  structure 
having  150  A  AIGaAs  spacer  layer,  a  2DEG  mo¬ 
bility  at  77  K  of  88.600  cmVV  •  s  is  obtained 
using  TIBAl  versus  64,900  cra‘/V  ■  s  using  TEAl. 
The  sheet  carrier  concentration  is  6  X  lO"  cm^*. 
This  is  the  highest  2DEG  mobility  in  AIGaAs/ 
GaAs  grown  by  CBE. 

Quarter-micr<in  gate  length  MODFETs  have 
been  fabricated  on  this  CBE  film  grown  using 
TEGa  and  TE-M  sources.  These  devices  have  a 
maximum  transoonductance  of  380  mS/mm  at 

=  -0.17  V'  Typical  noise  figures  of  1.7  dB 
with  an  associated  gain  of  10.5  dB  at  18  GHz  and 
an  /j  of  38  GHz  were  obtained  from  these  devices 
when  operate^  at  room  temperature.  These  de¬ 
vices  exhibited  characteristics  equivalent  to  de¬ 
vices  fabricated  from  material  grown  by  elemen¬ 
tal-source  MBE  and  processed  using  the  same 
mask  set.  Table  2  shows  a  comparison  with  MBE 
grown  transisU>rs.  Further  improvement  of  CBE 
MODFET  de\  ce  performance  can  be  obtained  by 
using  TIBAl  ii. stead  of  TEAl  as  an  A1  source  for 
the  growth  of  MODFET  structure. 


Table  2 

MODFFT  device  pc*’f4>rinance;  JLj,  =  0.25  fim  and  = 


Technique 

f(m 

NF 

/. 

(mS/mm) 

(dB) 

(GHz) 

CBE 

380 

1.7 

38 

MBE 

300- .340 

1.4- 1.5 

35-40 

41 


Carbon  doping  in  Gas  using  TMGa  proves  to 
be  important  for  HBT  applications  for  two  im¬ 
portant  reasons:  (1)  Very  high  C  concentration, 
which  is  electrically  active,  up  to  10^"  cm“  ’  can  be 
obtained,  (2)  carbon  does  not  diffuse  during 
growth  or  high  temperature  (700  °C)  annealing. 
Abernathy  and  co-workers  [20]  have  fabricated 
similar  devices  in  which  the  entire  structure  is 
grown  by  CBE.  For  a  base  doping  of  10*’  cm"^  a 
gain  of  140  was  measured  for  90  jam  diameter 
devices.  2  ftm  x  6  jam  devices  showed  a  gain  of  28 
and  an  /j  to  40  GHz.  Though  further  work  is 
needed  to  optimize  the  performance  of  these 
structures,  these  preliminary  results  are  quite  en¬ 
couraging  and  suggest  that  carbon  may  indeed 
fulfill  its  promise  as  a  p-type  dopant  in  high-speed 
Ill-V  devices.  Excellent  results  were  also  reported 
by  Hewlett-Packard  group  on  AlGaAs/GaAs  tra¬ 
velling-wave  electro-optic  waveguide  modulations, 
which  require  low-defect  10  jam  thick  epilayers, 
and  light-emitting  diode  arrays  at  710  jam. 


11.  Conclusion 

In  short,  the  recent  rapid  progress  and  wide¬ 
spread  interest  has  confirmed  the  importance  and 
ensured  the  future  of  CBE.  In  fact,  the  develop¬ 
ment  of  CBE  is  in  some  way  a  neces-^ity  without 
choice  if  epitaxial  growth  technol'^gy  is  to  go 
beyond  MOVPE  and  MBE.  MOVPE  and  MBE 
have  been  under  development  for  the  last  two 
decades  and  matured.  Their  respective  advantages 
and  disadvantages,  their  unique  capabilities  and 
limits  are  well  understood.  It  is  only  natural  and 
timely  for  researchers  to  develop  new  techniques 
for  the  future  that  preserve  and  even  create  new 
advantages  and  capabilities,  and  at  the  same  time 
eliminate  or  circumvent  the  shortcomings. 
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MOMBE  and  CBE  growth  has  until  recently  been  based  on  largely  empirical  studies  of  the  epitaxial  process.  We  have  used 
modulated  beam  mass  spectrometry  (MBMS)  and  reflection  high  energy  electron  diffraction  (RHEED).  previously  applied  to  the 
study  of  MBE.  to  investigate  the  interaction  of  metalorganics  with  As,  and  AS4  with  a  view  to  understanding  more  completely  the 
MOMBE/CBE  process.  The  decomposition  of  metalorganic  (MO)  sources  under  quasi-equilibrium  conditions  has  been  studied  using 
lime-of-flighi  (TOP)  techniques.  The  cracking  pattern  of  trimethylgallium  (TMGa)  has  been  establi.shed  using  this  method.  The 
interaction  of  TMGa  with  As,  and  As^  has  been  studied  in  detail  on  both  singular  and  vicinal  plane  samples.  The  growth  rate  is  a 
complex  function  of  both  substrate  temperature  and  group  ill  incident  flux  and  is  also  influenced  by  the  nature  of  the  group  V 
species  and  the  group  V/lll  ratio.  Studies  of  the  species  desorbing  from  the  surface  during  growth  by  MOMBE  using  TMGa  have 
shown  that  in  addition  to  the  metalorgarucs.  only  methyl  radicals  are  observed,  the  methane  and  ethane  seen  in  mass  spectrometer 
studies  which  have  not  used  modulation  techniques  are  formed  in  the  system.  Modulating  the  adsorbed  beam  (TMGa)  has  shown 
that,  in  the  temperature  range  where  sigmficant  growth  is  achieved,  no  TMGa  is  desorbed  from  the  surface.  The  presence  of  CH,  (no 
CH4  or  C.Hj  is  detected)  desorbing  from  the  surface  suggests  the  pyrolysis  of  TMGa  vi.,  sequential  release  of  methyl  radicals.  The 
reaction  mechanism  for  the  decomposition  of  TMGa  under  MOMBE  conditions  is  complicated  with  at  least  one  slow  step  limiting 
the  growth  rate  of  GaAs. 


1.  Introduction 

Considerable  interest  has  been  generated  in 
metalorganic  molecular  beam  epitaxy  (MOMBE) 
in  recent  years  [1.2]  as  a  method  that  potentially 
combines  the  advantages  of  MBE  and  MOCVD 
(3|  in  III-V  compound  semiconductor  growth. 
Because  growth  takes  place  in  ultra-high  vacuum 
equipment,  nnodulated  beam  mass  spectrometry 
(MBMS)  and  reflection  high  energy  electron  dif¬ 
fraction  (RHEED)  monitoring  techniques  can  be 
used  to  clarify  the  growth  mechanisms. 


We  have  studied  in  detail  the  pyrolysis  of  tri¬ 
methylgallium  (TMGa)  under  MOMBE  growth 
conditions.  There  are  various  mechanisms  pro¬ 
posed  for  the  decomposition  of  TMGa  that  in¬ 
volve  the  loss  of  methane  or  the  methyl  radicals. 
We  have  recently  reported  our  preliminary  data 
using  MBMS  and  RHEED  studies  under  true 
MOMBE  conditions  [4],  which  show  that  only  the 
methyl  radical  (CH,)  is  desorbed  from  the  surface 
in  addition  to  the  metalorganics.  The  metalorganic 
(MO)  species  desorbing  change  with  temperature 
as  radicals  are  lost  via  a  sequential  pyrolysis. 
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Memmert  and  Yu  [5]  used  a  combination  of  pulsed 
molecular  beam  and  time  resolved  mass  spec¬ 
trometry  to  study  the  kinetics  of  pyrolysis  of 
TMGa  and  also  concluded  that  only  CH3  is  ob¬ 
served,  in  agreement  with  out  data. 

In  this  paper,  we  present  more  detailed  data 
obtained  from  MBMS  (6,7]  and  RHEED  studies 
[7].  These  two  techniques  combined  give  informa¬ 
tion  on  the  complex  surface  kinetics  under  dy¬ 
namic  growth  conditions  for  both  MOMBE  and 
MBE.  We  have  extended  our  earlier  RHEED  study 
by  working  on  vicinal  plane  samples  and  for  sin¬ 
gular  surfaces  used  smaller  substrates  to  avoid 
geometrical  beating  effects  in  the  RHEED  inten¬ 
sity  oscillations  [4].  In  addition  we  have  mod¬ 
ulated  the  adsorbed  TMGa  beam  in  order  to  study 
the  time  dependence  of  desorbing  species. 

2.  Experimental 

The  MBMS  and  RHEED  studies  were  per¬ 
formed  in  an  MBE  system  equipped  with  ad¬ 
ditional  MO  sources:  TMGa.  TEGa,  TEAl  and 
TMIn.  Elemental  sources  containing  In,  Ga,  Al, 
As  and  P  were  also  present.  The  group  V  sources 
had  additional  hot  (cracker)  zones  to  provide  either 
the  dimer  or  tetramer.  In  this  present  study  only 
TMGa  and  As,  were  used.  Absolute  measurement 
of  the  TMGa  flux  was  not  possible  because  the 
sticking  coefficient  never  reached  unity.  The  ap¬ 
proximate  values  quoted  in  this  paper  were  ob¬ 
tained  from  the  maximum  growth  rate,  de¬ 
termined  using  the  RHEED  oscillation  technique, 
assuming  a  unity  incorporation  rate  for  TMGa. 
which  is  not  quite  the  case.  The  (001)  oriented 
GaAs  substrate  was  etched  in  H2SO4 :  H2O2 :  H^O, 
mounted  with  In  onto  a  Mo  block  and  the  oxide 
was  removed  by  heating  in  a  beam  of  Asj  at 
620  °C.  The  temperature  of  the  substrate  was 
monitored  using  both  a  thermocouple  shielded  to 
prevent  direct  radiation  from  the  heaters  and  a 
radiation  pyrometer  (2  pm  with  an  emissivity  set¬ 
ting  of  0.62  for  a  Si  doped  substrate).  The  two 
estimates  agreed  to  <  10°C. 

The  ioniser  of  the  quadrupole  mass  spectrome¬ 
ter  used  for  the  MBMS  studies  was  surrounded  by 
a  liquid  nitrogen  cooled  assembly  with  collimation 


to  ensure  that  it  can  only  detect  molecules  directly 
desorbed  from  the  sample  surface.  The  adsorbed 
or  desorbed  beam  can  be  modulated  to  distinguish 
real  signals  from  those  resulting  from  background 
gases  arising  in  the  ioniser  region.  This  is  espe¬ 
cially  crucial  in  the  case  of  metalorganics  which 
have  relatively  high  background  pressures  within 
the  MOMBE  chamber,  typically  in  the  mid  10’^ 
Torr  range.  Since  the  ioniser  in  the  mass  spec¬ 
trometer  collects  typically  10“  ’  of  the  flux  de¬ 
sorbed  from  the  surface,  the  true  signal  is  small 
compared  to  the  background.  So-called  “reflec¬ 
tion  mass  spectrometry”  in  which  line  of  sight 
combined  with  a  simple  mechanical  shutter 
arrangement  is  used  cannot  give  satisfactory  data 
under  these  conditions.  Fourier  transform  tech¬ 
niques  are  used  to  extract  both  phase  and  ampli¬ 
tude  information  on  the  surface  processes  from 
the  overall  signal  [6].  An  additional  DC  flux  is 
available  to  study  non-linear  higher  order  reac¬ 
tions. 

There  is  a  separate  time-of-flight  (TOF)  facil¬ 
ity,  which  is  used  to  study  the  cracking  patterns 
from  the  various  MO  sources.  The  mass  spec¬ 
trometer  has  an  additional  RF  only  pre-filter  and 
behaves  as  a  ideal  density  detector  under  suitable 
conditions  [8]. 


3.  Results  and  discussion 

The  preliminary  results  of  our  earlier  study  in 
which  the  desorbed  beam  was  modulated  are 
shown  schematically  in  fig.  1.  This  shows  a  peak 
in  the  growth  rate  followed  by  a  small  decreased 
and  finally  a  second  increase  as  the  substrate 
temperature  is  increased. 

We  have  now  studied  the  same  process  by 
modulating  the  adsorbed  beam  which  allows  us  to 
determine  the  surface  lifetime  of  the  various 
species  desorbing  from  the  surface.  In  order  to 
obtain  surface  lifetime  from  the  overall  delay,  we 
need  to  know  the  adsorbed  and  desorbed  species 
to  determine  and  remove  the  flight  times  from  the 
modulator  to  the  surface  and  from  the  surface  to 
the  detector  [6].  The  adsorbed  beam  in  this  case  is 
TMGa,  but  the  nature  of  the  desorbed  species  is 
not  clear,  since  the  cracking  patterns  of  the  vari- 
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Fig.  1.  Schemaiic  diagram  depicting  the  variation  of  growth 
rate  of  GaAs  and  the  desorption  of  TMGa  fragments  with 
temperature,  applied  to  either  As2  or  AS4. 

ous  possibilities  are  not  known.  As  a  first  ap¬ 
proximation  we  have  therefore  used  the  detected 
ion  mass  for  the  mass  of  the  desorbed  beam.  The 
maximum  error  resulting  from  this  possibly  incor¬ 
rect  procedure  will  be  <  0.5  ms.  The  results  of 
this  study  are  shown  in  fig.  2.  the  delays  in  the 
signals  for  Ga'^.  MMGa'^  and  DMGa’^  are  all 
negligible  over  the  whole  temperature  range 
studied  (420  to  620  °C)  but  for  the  TMGa^  a 
constant,  temperature  independent  delay  of  about 
4  ms  is  observed.  This  can  only  be  explained  by 
the  signal  arising  as  an  association  reaction  on  the 


;  •Ga+ 

»  .»MMGa+ 


400.0  450.0  500.0  550.0  600.0  650.0 

Substrate  temperature  (C) 

Fig.  2.  Delay  in  the  signals  in  the  mass  spectrometer  with 
respect  to  modulation  of  the  ad.sorbed  beam  of  TMGa  during 
growth  using  Asj  as  a  (unction  of  substrate  temperature. 
Contributions  due  to  the  (light  times  of  the  adsorbed  and 
desorbed  beam  have  been  removed  but  uncertainties  -  0.5  ms 
exist  due  to  the  unknown  mass  of  the  desorbing  species  and 
the  behaviour  of  the  mass  spectrometer  which  does  not  act  as 
an  ideal  density  detector. 


400.0  450.0  500.0  550.0  600.0  650.0 
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Fig.  3.  Amplitude  of  the  signals  in  the  mass  spectrometer  for 
modulation  of  the  adsorbed  beam  of  TMGa  during  growth 
using  As.  as  a  function  of  substrate  temperature. 

walls  of  the  ioniser  of  the  mass  spectrometer  or  in 
the  collimating  apertures.  It  is  important  to  point 
out  that  in  studies  using  reflection  mass  spec¬ 
trometry  this  signal  would  be  incorrectly  identi¬ 
fied  as  coming  from  the  surface.  Only  phase  infor¬ 
mation  obtained  by  modulating  the  incident  beam 
can  reveal  this  as  spurious  information. 

Fig.  3  shows  the  intensity  of  the  various  signals 
observed  in  the  mass  .spectrometer  as  a  function  of 
temperature  over  the  same  temperature  range.  The 
functional  dependence  observed  follows  closely 
that  seen  in  our  previous  study,  in  which  the 
desorbing  flux  was  modulated  [4).  From  an  analy¬ 
sis  of  the  amplitude  of  the  various  Fourier  compo¬ 
nents  present  in  the  signals  we  can  also  see  that 
for  the  Ga  ■*  and  DMGa  *  no  second  harmonic  is 
present,  but  for  the  TMGa  *  and  in  some  in¬ 
stances  for  the  MMGa*  this  is  not  always  the 
case. 

Plotting  the  ratios  of  the  intensities  of  Ga*  to 
MMG*.  as  shown  in  fig.  4  shows  that  this  corre¬ 
lates  closely  with  the  observed  growth  rate  depen¬ 
dence  shown  in  fig.  1. 

From  this  additional  data  we  can  see  that  the 
original  model  proposed  for  the  decomposition  of 
TMGa  during  growth  by  MOMBE  is  es.sentially 
correct  [4].  Radicals  are  lost  sequentially  and  in 
the  temperature  range  where  significant  growth  is 
observed  (>  400  °C)  no  TMGa  is  desorbed  from 
the  surface.  This  implies  that  the  energy  required 
to  break  the  first  bond  is  small,  but  that  DMGa 
and  MMGa  are  relatively  stable  surface  specie;*. 
The  changing  relative  intensities  of  Ga  *.  MMGa  * 
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Fig.  4.  Ratio  of  the  amplitudes  of  the  Ga^  to  MMGa^  signals 
in  the  mass  spectrometer  for  modulation  of  the  adsorbed  beam 
of  TMGa  during  growth  using  As2  as  a  function  of  substrate 
temperature. 

and  DMGa^  observed  in  the  MBMS  studies  show 
that  both  DMGa  and  MMGa  are  lost  by  desorp¬ 
tion,  unlike  the  situation  with  TEGa,  where  the 
growth  rate  is  determined  by  the  desorption  of 
DEGa  (9-11),  This  difference  may  explain  why  a 
more  complex  dependence  of  growth  rate  on  sub¬ 
strate  temperature  is  observed  for  TMGa  than  for 
TEGa, 

We  have  extended  our  previous  study  of  the 
relative  damping  of  RHEED  oscillations  in  MBE 
and  MOMBE  growth.  To  avoid  the  inherent  prob¬ 
lem  of  different  growth  rate  variations  across  the 
substrate  in  MBE  and  MOMBE  due  to  geometri¬ 
cal  factors  [4],  we  have  used  much  smaller  sub¬ 
strates  than  previously  (1x1  mm^  cf.  5  x  5  mm^ ). 
The  difference  in  damping  rate  is  still  observed  to 
persist,  with  the  oscillations  damping  much  more 
slowly  in  MOMBE  than  in  MBE  grown  under  the 
same  conditions.  This  we  do  not  ascribe  to  higher 
mobility  for  the  metalorganics  on  the  surface.  It 
implies  that  a  longer  time  is  needed  to  reach  the 
steady  state  step  distribution  in  MOMBE  com¬ 
pared  to  MBE  under  otherwise  identical  condi¬ 
tions.  This  is  perhaps  consistent  wath  the  notion 
that  the  metalorganics  are  less  mobile  than  Ga 
atoms. 

Finally  we  have  studied  by  RHEED  the  depen¬ 
dence  of  growth  on  substrate  temperature  on  vici¬ 
nal  plane  samples.  In  the  low  temperature  region 
( <  480  °C)  we  find  an  enhanced  growth  rate  for 
samples  cut  off  orientation  with  steps  running 
parallel  to  the  [TlO]  direction;  for  samples  cut  off 


in  the  orthogonal  direction  no  difference  com¬ 
pared  to  a  singular  surface  is  observed.  This  find¬ 
ing  implies  that  specific  surface  sites  are  responsi¬ 
ble  for  the  pyrolysis  of  the  TMGa  or  DMGa 
molecules  and  will  be  the  subject  of  a  more  de¬ 
tailed  study. 


4.  Sununary 

Growth  of  GaAs  by  MOMBE  using  TMGa 
takes  place  by  the  sequential  release  of  methyl 
radicals  which  are  lost  by  desorption.  Over  the 
temperature  range  where  significant  growth  takes 
place  (above  400  °C)  DMGa  and  MMGa  are  lost 
by  desorption  from  the  surface;  TMGa  signals 
seen  in  reflection  mass  spectrometry  studies  are 
false  and  are  formed  in  the  ioniser  region  of  the 
mass  spectrometer.  The  reduced  rate  of  damping 
of  RHEED  oscillations  observed  in  MOMBE 
growth  compared  with  MBE  is  probably  due  to 
lower  surface  mobility  for  metalorganics  com¬ 
pared  to  elemental  Ga.  Specific  sites  are  involved 
in  the  pyrolysis  of  DMGa  or  TMGa. 
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The  rate  of  GaAs  and  AlGaAs  epitaxial  growth  by  molecular-beam  epitaxy  using  two  gas  systems  -  arsine  lAsH  t).  iriethylgal- 
lium  (TEG)  and  Al,  and  AsH^,  Ga  and  Al  -  decreased  exponentially  as  the  AsH^  flow  rate  increased.  We  find  that  growth  rale  R 
can  be  represented  using  AsH^  flow  rate  F  as  R  —  B  exp(  —  AF).  where  A  and  B  are  consiant.s.  A  was  the  same  for  GaAs  and 
AlGaAs.  In  these  systems,  the  background  pressure  during  growth  increased  from  10  ^  to  10  Torr.  In  the  AS4  and  TEG  system, 
the  GaAs  growth  rate  was  independent  of  the  AS4  beam  intensity  from  10  ^  to  10  Torr.  unlike  in  the  AsHi  systems.  The 
background  pressure  in  this  AS4  pressure  range  was  also  con.stant.  We  explain  these  results  in  terms  of  an  increase  of  the  collision 
frequency  between  the  group  III  and  background  molecules.  The  value  A  calculated  from  our  growth  conditions  using  the  kinetic 
theorx  of  gases  agreed  well  w  ith  the  results  of  experiments. 


l.  Introduction 

Background  pressure  during  growth  in  molecu¬ 
lar-beam  epitaxy  (MBE)  growth  using  metalor- 
ganic  compounds  and/or  hydrides  is  typically 
10  ■*  to  10  '  Torr.  mid-range  between  conven¬ 
tional  MBE  using  a  metal  .source  and  metalorganic 
chemical  vapor  deposition  (MOCVD).  The  growth 
of  gas-source  MBE  differs  from  standard  MBE 
and  MOCVD  [1.2).  In  GaAs  growth  using  triethyl- 
gallium  (TEG),  an  excessive  arsenic  (Asj)  beam 
intensity  [3.4J  or  arsine  (AsH,)  flow  rate  (5-7J 
suppresses  carbon  incorporation  into  the  epitaxial 
layer  during  growth.  However,  the  growth  rate  of 
GaAs  grown  using  TEG  and  AsH,  also  decreases 
with  the  AsH,  flow  rate  or  as  additional  H. 
pressure  increases  (8-10). 

Nagata  et  al.  [8]  reported  that  the  reduction  of 
growth  rate  in  GaAs  grown  using  AS4  or  AsH, 
and  TEG  was  caused  by  additional  hydrogen  and 
excessive  AsH,  flow  rate.  TTiey  explained  these 
results  saying  that  chemical  adsorption  of  hydro¬ 
gen  atoms  on  the  growth  .surface  prevents  the 
ad.sorption  of  TEG  molecules.  Chiu  et  al.  [9]  also 


reported  that  the  growth  rate  of  GaAs  grown 
using  AsH,  and  TEG  decreases  with  increasing 
AsH,  flow  rate  over  a  wide  range  of  substrate 
temperature.  They  explained  this  by  the  prefer¬ 
ential  site  catalytic  effect,  which  may  exist  because 
the  excessive  As  reduces  the  probability  for  dieth- 
ylgallium  produced  by  decomposition  of  TEG  to 
move  to  the  proper  site  for  epitaxial  growth. 
Maruno  et  al.  [10]  reported  that  the  growth  rate  in 
GaAs  grown  using  TEG  and  AsH,  decreased  when 
additional  hydrogen  or  nitrogen  was  introduced, 
or  that  there  was  an  exces.sive  AsH ,  flow  rate. 
They  refuted  the  chemical  adsorption  model  re¬ 
ported  by  Nagata.  claiming  the  growth  rate  reduc¬ 
tion  was  caused  by  nitrogen  as  well  as  hydrogen. 
They  explained  their  results  by  assuming  that 
transient  residence  of  hydrogen  or  nitrogen  mole¬ 
cules  on  the  growing  surface  impedes  adsorption 
of  TEG  molecules. 

This  paper  discu.s.ses  the  AsH,  flow  rate  and 
AS4  beam  intensity  dependence  of  the  growth  rate 
and  the  AlAs  mole  fraction  in  GaAs  and  AIGaA.s 
layers  grown  using  three  systems:  AsH,.  TEG  and 
Al;  AsH,.  Ga  and  Al;  and  AS4  and  TEG.  It  also 
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discusses  the  growth  mechanism  of  GaAs  and 
AlGaAs  layers  in  a  high-pressure  region  caused  by 
an  excessive  AsH,  flow  rate. 


2.  Experiments 

The  experiments  were  performed  in  a  modified 
ISA-Riber  2300P,  equipped  with  gas  lines  for  AsH, 
and  TEG.  conventional  effusion  cells  for  AS4,  Ga 
and  Al,  and  evacuated  with  a  turbo-molecular 
pump  (2200  1/s)  during  growth  [4],  The  distance 
between  effusion  cells  and  substrate  was  25  cm. 
AsH,  was  introduced  through  a  liigh-temperature 
cracking  cell  maintained  at  920  °C.  The  flow  rate 
was  controlled  with  a  mass  flow  controller  (MFC), 
and  varied  from  5  to  50  standard  em'/min 
(SCCM).  Since  the  AsH,  flow  rate  was  less  than  3 
SCCM,  the  surface  morphology  of  epitaxial  layers 
degraded  because  few  As,  molecules  were  inci¬ 
dent  on  the  growth  surface.  Therefore,  we  used  an 
AsH  ,  flow  rate  of  more  than  5  SCCM.  TEG  was 
introduced  into  the  growth  chamber  through  a 
low-temperature  effusion  cell  using  hydrogen  as  a 
carrier  gas.  The  total  flow  rate  of  10  SCCM  was 
also  controlled  with  a  MFC.  The  TEG  flow  rate  as 
calculated  from  the  partial  pressure  was  2.5  SCCM. 
A  conventional  arsenic  effusion  cell  was  used  to 
produce  an  As^  molecular  beam  which  was  varied 
from  1.5x10'  to  3.0x10'''*  Torr.  The  AS4 
molecular  beam  intensity  was  measured  with  a 
Bayard-Alpert  ionization  gauge  in  place  of  the 
substrate. 

A  semi-insulating  (lOO)-oriented  GaAs  sub¬ 
strate  was  mounted  on  a  molybdenum  block  by 
indium  solder,  and  introduced  into  the  growth 
chamber.  The  substrate  temperature,  measured  by 
an  infrared  pyrometer  calibrated  to  the  melting 
point  of  aluminum,  was  550 °C.  This  temperature 
is  in  a  mas.s-transport  limited  region  [11.12],  Back¬ 
ground  pre.ssure  during  growth  was  measured  using 
a  Bayard-Alpert  ionization  gauge.  The  growth 
rate  was  determined  by  measuring  the  layer  thick¬ 
ness  using  a  stylus  profilometer  on  GaAs  .sub¬ 
strates  which  were  partly  masked  by  0.8  pm  thick 
SiO,  films.  The  thickness  of  GaAs  and  AlGaAs 
layers  in  the  heterostructure  were  determined  using 


a  depth  profile  of  Al  by  secondary-ion  mass  spec¬ 
troscopy  (SIMS). 


3.  Results 

GaAs  and  AlGaAs  layers  were  grown  on  the 
GaAs  substrates  using  AsH,.  TEG  and  Al  sources. 
Background  pressure  during  growth  increased  lin¬ 
eally  from  7  X  10“'  to  7  X  lO""*  Torr  as  the  AsH, 
flow  'ate  increased  from  5  to  50  SCCM.  The 
growth  rates  of  GaAs  and  AlGaAs  decreased  ex¬ 
ponentially  from  0.79  and  1.04  to  0.42  and  0.55 
pm/h  as  the  AsH,  flow  rate  increased  (fig.  1).  We 
found  that  the  growth  rate  R  is  expressed  in  terms 
of  AsH,  flow  rate  f(SCCM)  an  R  —  R  e\p(-AF). 
where  A  and  B  are  constants.  A  is  the  same  for 
GaAs  and  AlGaAs.  The  lines  in  fig.  1  represent 
the  equation  of  growth  rate  R  =  0.872  exp 
(-0.0146f )  for  GaAs  and  /?  =  1.12  exp 
(-0.0146F)  for  AlGaAs. 

The  AlAs  mole  fraction  of  AlGaAs  as  de¬ 
termined  from  the  growth  rates  of  GaAs  and 
AlGaAs  was  0.24  for  an  AsH  ,  flow  rate  of  5  to  50 
SCCM.  We  identified  that  the  intensity  ratio  of  Al 
to  Ga  signals  measured  using  SIMS  was  also  inde¬ 
pendent  of  the  AsH,  flow  rate  (fig.  2).  These 
results  indicate  that  GaAs  and  AlAs  growth  rates 


Fig.  1.  Growth  rates  of  GaAs  (•)  and  AlGaAs  (o)  as  a 
function  of  AsH  ^  flow  rates.  GaAs  and  AlGaAs  were  grown 
using  AsH^,  TEG  and  Al  sources.  Lines  represent  growth  rate 
R  =  B  exp(  ~  AF).  where  F  is  AsH  ^  flow  rate  and  A  is  0.01 46. 
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Fig.  2.  Ga  and  .Al  depth  profiles  measured  using  SIMS  in 
AIGaAs  for  various  AsH  ,  flow  rates.  The  AlGaAs  layers  were 
grown  using  AsH  ,.  TEG  and  A1  sources. 

decreased  at  the  same  rate  as  the  AsH,  flow 
increased. 

GaAs/ AIGaAs  heterostructures  were  grown  on 
semi-insulating  GaAs  substrates  using  AsH,.  Ga 
and  Al  .sources.  The  designed  heterostructure  con¬ 
sisted  of  a  0.44  jam  GaAs.  then  a  0.11  jtm 
Al,i2j|Gito72'^S'  then  a  0.05  fim  GaAs,  then  a  0.1 
fim  Al„2gGao72As,  followed  by  a  0.01  pm  GaAs 
cap  layer.  We  measured  the  depth  profile  of  Al 
using  SIMS  for  GaAs/ AIGaAs  heterostructures 
grown  at  various  AsH,  flow  rates.  The  thickness 
of  the  first  layer  of  GaAs  decreased  from  0.44  to 
0.27  )im  as  the  AsH,  flow  rate  increased  from  5  to 
50  SCCM.  The  thickness  of  the  second  layer  of 
AIGaAs  also  decreased  from  0.11  to  0.058  /xm.  We 
plotted  the  thickness  of  first,  second  and  third 
layers  as  functions  of  the  AsH,  flow  rate  (fig.  3). 
The  lines  in  fig.  3  show  the  exponential  curves 
with  gradient  of  0.0146  as  a  function  of  AsH, 


AsH3  flow  rate  ($ccm) 

Fig.  3.  Thickness  of  GaAs  (•)  and  AIGaAs  (O)  in  the 
GaAs/AlGaAs  heterosiructure  (fig.  1)  as  a  function  of  AsH, 
flow  rate.  Lines  represent  the  equation  for  thickness  T  oc 
exp(-  AF).  where  F  is  AsH  -i  flow  rate  and  A  is  0.0146.  the 
same  as  the  equation  in  fig.  1. 

flow  rate  F.  This  gradient  value  is  the  same  for  the 
growth  rate  R  in  the  AsH,.  TEG  and  Al  system 
shown  in  fig.  1. 


AS4  pressure  (10"^  Torr) 

Fig.  4.  Dependence  of  AS4  beam  flux  intensity  on  growth  rate 
of  GaAs  and  background  pressure  during  growth.  GaAs  was 
grown  using  AS4  and  TEG  at  substrate  temperature  of  550°  C. 
The  AS4  beam  flux  was  varied  from  1.5x10“^  to  3.0x10“* 
Torr.  The  TEG  flow  rate  was  kept  at  2.5  SCCM. 
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GaAs  was  grown  on  partially  masked  sub¬ 
strates  using  As4  and  TEG  sources.  While  the  AS4 
molecular  flux  increased  from  1.5  X  10'*  to  3.0  X 
10'“*  Torr,  the  background  pressure  during  growth 
was  constant  at  1.4x10'*  Torr  (fig.  4).  This 
background  pressure  was  largely  dominated  by  the 
hydrogen  carrier  gas  for  TEG.  The  GaAs  growth 
rate  was  independent  of  the  AS4  pressure,  unlike 
that  in  the  ASH3  systems. 

4.  Discussion 

We  explain  these  results  using  the  kinetic  the¬ 
ory  of  gases.  While  a  molecular  beam  passes 
through  a  gas,  the  intensity  of  the  molecular  beam 
is  decreased  by  the  elastic  collision  with  gas  mole¬ 
cules.  Tbe  number  of  group  III  (TEG,  Ga  and  Al) 
molecules  in  a  beam  L  cm  away  from  the  gas  or 
effusion  cell  is  given  by 

/V(L)=iVoexp(-L/X),  (1) 

where  Nq  is  the  original  number  of  molecules  and 
\  is  the  mean  free  path  for  the  gases  in  the  growth 
chamber.  The  mean  free  path  X(cm)  can  be  calcu¬ 
lated  using  background  pressure  /’(Torr)  as 

A  =  2.33x10' ‘•*7/ (2) 

where  d  is  the  molecular  diameter  in  cm  and  T 
the  gas  temperature  in  K.  Eq.  (1)  can  now  be 
written  as 

yV(L)  =  iVoexp(-4.29xlO'-Lr/^/’/r).  (3) 

We  used  a  substrate  temperature  of  550  °  C  in  a 
mass-transport  limited  region.  Therefore  growth 
rate  R  is  proportional  to  (V(L).  The  growth  rate 
can  be  written  by 

R  =  B  expi  - A'P).  (4) 

where  B  is  constant  and 

/l'  =  4.29xl0”/.r/'/r  (5) 

In  the  AsH,  system,  the  background  pressure 

/’(Torr)  is  dominated  by  the  AsHj  flow  rate 
F(SCCM)  and  effective  pumping  speed  5(l/s)  of 
the  growth  chamber  as 

P  =  QmHF/S.  (6) 


Therefore,  the  growth  rate  is  represented  by 

/?  =  B  exp(-/If ),  (7) 

the  same  as  the  empirical  equation  described  for 
the  AsH,  systems,  where 

/1=5.45x10’"L^/V75.  (8) 

The  effective  pumping  speed  5  in  this  AsH, 
system  was  examined  experimentally.  As  AsH, 
was  introduced  through  a  high-temperature  crack¬ 
ing  cell  at  920  °C,  the  pressure  FfTorr)  of  the 
growth  chamber  was  measured  as  a  function  of 
the  AsH,  flow  rate  F(SCCM).  The  pressure  in¬ 
creased  linearly  according  to  empirical  equation  as 
/*  =  7.5x10'  7.  We  found  that  the  effective 
pumping  speed  S  was  1700  1/s. 

To  calculate  A  in  eq.  (8),  we  chose  the  molecu¬ 
lar  diameter  d=  2.75  X  10'**  cm  of  hydrogen  as 
the  diameter  of  the  main  molecules  in  this  AsH, 
system.  We  introduced  arsine  through  a  cracking 
cell  maintained  at  920  °  C,  a  temperature  sufficient 
to  induce  thermal  decomposition  of  arsine.  The 
molecular  beams  effused  from  the  arsine  cracking 
cell  would  consist  mainly  of  As  dimers  and  hydro¬ 
gen,  with  arsine  molecules  negligibly  few.  Most  of 
the  As  dimers  contribute  to  growth.  The  re¬ 
mainders.  including  those  re-evaporated  from  the 
substrate,  are  deposited  on  the  shroud  wall  at 
liquid  nitrogen  temperature.  Hydrogen,  however, 
does  not  adsorb  on  the  wall,  so  the  background 
pressure  is  dominated  by  hydrogen  molecules.  The 
gas  temperature  is  dominated  by  the  temperature 
of  the  wall  the  gas  impinges  on.  We  therefore 
simply  chose  a  gas  temperature  T  =  450  K  as  an 
average  of  the  substrate  temperature  of  550  °C 
and  liquid  nitrogen  of  77  K.  The  distance  L 
between  effusion  cells  and  substrate  was  25  cm. 
With  these  growth  conditions,  A.  as  calculated 
from  eq.  (8),  is  0.0135.  This  agrees  well  with  the 
measured  results  using  two  AsH,  systems.  This 
shows  that  the  reduction  of  GaAs  and  AlGaAs 
growth  rates  in  the  AsH,  systems  is  caused  by  an 
increase  of  the  collision  frequency  between  group 
III  and  background  molecules.  We  believe  that 
background  molecules  consist  mainly  of  hydrogen 
from  the  cracked  AsH,  flux.  The  growth  rate 
reduction  caused  by  the  increase  in  AsH,  flow 


I 

I 

t 

I 


548 


J.  Saito  et  ai  /  Background  pressure  dependence  of  GaAs  and  AlGaAs  growth  rates  in  GSMBE 


rate  appeared  when  various  group  III  molecules  as 
such  as  TEG,  Ga  and  Al  were  used.  This  indicates 
that  this  phenomenon  does  not  depend  on  the 
kind  of  molecule.  This  also  supports  the  explana¬ 
tion  using  kinetic  theory. 

Collision  with  the  background  pressure  gas  also 
applies  to  As  dimers  derived  from  the  thermal 
decomposition  of  arsine.  Although  there  is  colli¬ 
sion.  As  dimers  flux-impinging  on  the  substrate 
surface  increase  by  a  factor  of  5  where  the  arsine 
flow  rate  increases  from  5  to  50  SCCM. 

In  the  AS4  and  TEG  system,  the  background 
pressure  during  growth  did  not  increase  as  the  AS4 
flux  increased.  It  remained  at  1.4x10“^  Torr. 
According  to  eqs.  (4)  and  (5).  the  growth  rate  does 
not  decrease.  This  also  agrees  with  our  measure¬ 
ments. 

In  the  calculation  of  eqs.  (4)  and  (5).  the  back¬ 
ground  pressure  deviation  of  10 Torr  corre¬ 
sponds  to  a  growth  rate  deviation  of  0.2%,  10"^ 
Torr  to  2%  and  10  Torr  to  20%.  This  shows  that 
the  growth  rate  in  MBE  using  gas  source  is 
dominated  by  the  background  pressure  above  10  ' 
Torr. 

Chiu  et  al.  [9]  show  that  the  GaAs  growth  rate 
decrea.ses  as  the  arsine  flow  rate  increases  in  a 
substrate  temperature  range  of  380  to  600  °C.  The 
substrate  temperature  from  380  to  420  °  C  is  within 
the  range  of  the  decomposition-limited  region. 
They  show  that,  in  this  range,  the  growth  rate  was 
sensitive  to  an  arsine  flow  rate  of  1  to  4  SCCM. 
They  explain  this  by  the  preferential  site  catalytic 
effect,  which  may  exist  because  excessive  As  flux 
will  reduce  the  number  of  sites  available  for  TEG 
pyrolysis.  We  agree  with  their  argument  on  this 
temperature  range  (380-420  °C)  and  arsine  flow 
rate  range  (1-4  SCCM).  However,  in  Chiu  et  al.'s 
data,  the  growth  rate  gradient  in  an  arsine  flow 
rate  of  4  <o  20  SCCM  is  nearly  the  same  for 
various  substrate  temperatures.  Their  experiments 
were  performed  in  a  system  where  pressure  was 
maintained  at  less  than  5  x  10  ^  Torr  during 
growth.  This  pressure  corresponds  to  our  experi¬ 
ments  at  an  arsine  flow  rate  of  5  SCCM.  If  there 
are  background  pressure  deviations  of  10  '  Torr 
in  Chiu  et  al.’s  experiments,  we  can  estimate, 
using  our  equations  (4)  and  (5),  that  the  growth 
rate  deviation  is  several  percent.  This  estimate 


agrees  with  their  growth  rate  reduction  in  the 
arsine  flow  rate  over  4  SCCM  at  various  substrate 
temperatures. 

Maruno  et  al.  [10]  maintained  that  the  growth 
rate  reduction  was  not  caused  by  a  decrease  in  the 
arrival  rate  of  TEG  because  the  collision  probabil¬ 
ity  with  hydrogen  is  small  enough  at  background 
pressures  of  0.3  to  3  X  10"'’  Torr.  At  3  x  lO  ” 
Torr,  however,  the  actual  hydrogen  pressure  is 
6.8  X  10“ Torr,  because  the  gauge  sensitivity  of 
hydrogen  with  a  Bayard- Alpert  gauge  is  0.44  [13]. 
At  this  pressure,  the  mean  free  path  of  hydrogen 
(calculated  using  eq.  (2))  is  20  cm.  comparable  to 
the  distance  between  effusion  cell  and  substrate. 
Therefore,  when  group  III  molecules  pass  through 
hydrogen  from  effusion  cell  to  substrate,  collision 
with  hydrogen  is  not  negligible.  They  show  that 
the  reciprocal  of  growth  rate  (\/R)  is  propor¬ 
tional  to  the  arsine  flow  rate  within  an  error  of 
8%.  We  have  plotted  their  growth  rate  data  in 
semi-logarithm  and  find  that  their  data  agree  with 
the  simple  exponential  curve  of  /?  =  5  exp(  -/IE) 
within  an  error  of  8%.  We  believe  that  the  colli¬ 
sion  with  hydrogen  reduces  the  growth  rate. 


5.  Conclusion 

The  growth  rate  of  GaAs  and  AlGaAs  layers 
grown  by  two  MBE  systems  (AsH,.  TEG  and  Al; 
and  AsH,.  Ga  and  Al)  decreased  exponentially  as 
the  AsH,  flow  rate  increased  from  5  to  50  SCCM. 
We  found  that  the  growth  rate  R  is  represented  in 
terms  of  the  AsH,  flow  rate  E  as  R  = 
B  exp(— /IE),  where  A  and  B  are  constants.  In 
the  AS4  and  TEG  system,  the  GaAs  growth  rate 
was  independent  of  the  AS4  beam  flux,  unlike  the 
AsH,  system.  We  explained  these  results  using  the 
kinetic  theory  of  gases.  The  growth  rate  gradient 
as  a  function  of  AsH,  flow  rate,  which  was  de¬ 
rived  from  our  growth  conditions,  agreed  well 
with  our  measurements.  This  proves  that  the  re¬ 
duction  of  GaAs  and  AlGaAs  growth  rates  in 
MBE  using  the  AsH,  system  is  caused  by  an 
increase  in  the  number  of  collisions  between  group 
III  and  background  molecules.  This  shows  that 
MBE  using  gas  sources  in  the  background  pres- 
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sure  of  10  *  to  10  Torr  occurs  in  the  boundary 
region  between  molecular  and  gas  flows. 
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Our  kinetic  model  for  metalorganic  molecular-beam  epitaxy  (MOMBE)  and  chemical-beam  epitaxy  (CBE)  of  GaAs  has  been 
extended  to  GaSb.  This  model  can  fit  experimental  data  for  growth  with  triethylgallium  (TEGa)  and  antimony.  The  roles  of  group-V 
species  in  MOMBE  of  III-V  compounds  are  summarized.  Group-V  species  are  as  important  as  group-III  species  in  determining  the 
growth  rates  in  MOMBE  and  CBE. 


1.  Introduction 

More  and  more  people  are  interested  in  meta¬ 
lorganic  molecular-beam  epitaxy  (MOMBE)  or 
chemical-beam  epitaxy  (CBE)  [1.2]  because  of  its 
special  properties,  such  as  different  growth  kinet¬ 
ics  from  conventional  MBE  [3-5],  atomic  layer 
epitaxy  (ALE)  [7.10,11],  high  carbon  doping  [6,7], 
and  selective-area  epitaxy  [8,9],  In  previous  papers 
[4.5],  we  have  studied  the  growth  kinetics  of 
MOMBE  of  GaAs  and  InAs.  We  found  that  ar¬ 
senic  plays  an  important  role  in  MOMBE  or  CBE. 
The  growth  rate  is  very  sensitive  to  arsenic  beam 
flux.  Our  kinetic  model  can  fit  experimental  re¬ 
sults  very  well  and  provide  more  insights  into  the 
growth  process. 

In  this  paper,  we  extend  our  model  to  MOMBE 
of  GaSb  with  triethylgallium  (TEGa)  and  anti¬ 
mony  and  summarize  the  roles  of  group-V  species 
in  MOMBE  of  III-V  compounds. 


2.  Growth  kinetics 

2  /  MOMBE  of  GaSh 

Because  the  mean  free  paths  of  molecules  are 
very  long  compared  to  the  source-to-substrate  dis¬ 
tance.  one  can  expect  that  gas-phase  reactions  are 
unimportant  in  MOMBE,  unlike  in  metalorganic 


chemical  vapor  deposition  (MOCVD).  Surface  re¬ 
actions  dominate  the  growth  process.  The  first 
kinetic  model  proposed  by  Robertson  et  al.  con¬ 
sidered  only  triethylgallium  (TEGa)  decomposi¬ 
tion  paths  [3].  The  role  of  arsenic  species  was 
presumed  secondary.  Subsequently,  group-V  spec¬ 
ies,  unlike  in  conventional  MBE,  were  found  to 
have  a  strong  effect  on  the  growth  rate.  This 
model  therefore  cannot  explain  the  arsenic  depen¬ 
dence  of  growth  rates.  Another  model  proposed 
by  Kaneko  et  al.  [12]  for  MOMBE  of  GaSb  as¬ 
sumes  the  growth  rate  is  controlled  by  the  anti¬ 
mony  vacancy  and  provides  a  relation  between 
growth  and  antimony  surface  concentration  with 
Rg~/(T)[Sb]~",  where  n  is  the  number  of  anti¬ 
mony  vacancy.  According  to  their  model,  if  [Sb]  = 
0.  growth  rate  of  GaSb  is  infinite.  Obviously,  it  is 
not  right  because  the  growth  rate  of  GaSb  must  be 
zero  without  antimony.  We  have  proposed  a  new 
kinetic  model  [4].  taking  into  account  the  effect  of 
arsenic  species  for  the  first  time,  for  CBE  of  GaAs 
using  TEGa  and  ari.se  (AsH  ,)-  The  model  can  fit 
the  experimental  data  of  Chiu  [11]  very  well. 

The  model  a.s.sumes  that  diethylgallium  (DEGa) 
decomposition,  in  the  presence  of  arsenic,  is  the 
rate-limiting  step  for  growing  GaAs.  We  expect 
that  monoethylgallium  (MEGa),  with  two  ethyl 
radicals  cleaved  off,  would  be  very  reactive  and 
chemisorb  strongly  to  the  surface.  Cleavage  of  the 
last  ethyl  radical  and  subsequent  incorporation  of 
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GaAs  would  occur  very  fast  due  to  small  activa¬ 
tion  barrier.  This  situation  is  similar  to  Robertson’s 
model.  What  differentiates  our  model  is  that  this 
DEGa  decomposition  step  includes  an  arsenic 
species.  Experimentally,  the  growth  rate  decreases 
with  increasing  arsine  flow  rate,  and  this  has  been 
attributed  to  the  site-blocking  effect  [11].  In  our 
preliminary  study,  the  site-blocking  mechanism 
does  not  agree  with  experimental  data.  We  there¬ 
fore  propose  enhanced  desorption  of  TEGa  by 
excess  arsenic  on  the  surface  in  the  continuous 
CBE  or  MOMBE  process.  Similar  to  GaAs,  for 
GaSb.  the  proposed  surface  chemical  reactions  are 
as  follows: 

(1)  TEGa(g)^'TEGa(ad), 

(2)  TEGa(ad)  ^  DEGa(ad), 

(3)  TEGa(ad)  +  Sb,(ad) 

k  . 

-*  TEGa(g)  +  other  products, 

(4)  DEGa(ad)*-«’0EGa(g). 

(5)  DEGa(ad) +  Sb,(ad) 

k 

-*  GaSb  +  other  products. 

In  reaction  (1),  E  is  the  TEGa  beam  flux,  and 
Sy  is  the  adsorption  probability.  The  k ’s  are  vari¬ 
ous  reaction  rate  coefficients.  Similar  to  Robert¬ 
son’s  model,  we  postulate  the  cleavage  of  the 
second  ethyl  radical  to  be  the  rate-limiting  step.  In 
our  model,  the  growth  rate  (R^)  depends  not  only 
on  the  DEGa  surface  concentration  A",,  but  also 
on  the  antimony  surface  concentration  Csh'- 

R^  =  kX:Cs^.  (1) 

In  the  steady-state  condition,  the  concentration  of 
adsorbed  TEGa  {X})  and  DEGa  (A",)  are  inde¬ 
pendent  of  time.  Solving  for  AT^  and  AT,,  and 
assuming  Arrhenius  behavior  for  the  reactions  k, 
=  A,  exp(  -  EykT),  we  obtain 

R,=  {ES„}{[i  +  (^,/C^h) 

xe  '  (2) 


427  527  627 


Substrate  Temperature  (°C) 

Fig.  1.  The  relation  between  growth  rate  of  GaSb  by  MOMBE 
and  substrate  temperature. 

where  A,  =  A  _  ,//<,  /I,  =  A'/A,.  JE,  =  -  £ 

and  AE2  =  E’  -  £,.  There  are  six  unknown 
parameters  (.4,.  /!,.  :i£,.  4£,.  FS^,  and  Qb)- 
Note  that  in  this  model,  we  have  further  assumed 
that  (1)  there  is  no  Ga  desorption  because  the 
growth  temperature  is  below  that  of  Ga  desorp¬ 
tion  and  (2)  the  temperature  dependence  of  So 
and  Qb  is  small  in  the  range  studied. 

We  use  eq.  (2)  to  fit  experimental  data  from  ref. 
[12].  First,  we  fit  the  growth  rate  versus  substrate 
temperature  at  2.0  SCCM  of  TEGa  flow  rate  and 
1.2x10"*’  Torr  of  antimony  beam  equivalent 
pressure  since  their  data  points  under  this  condi¬ 
tion  look  relatively  complete  and  have  relatively 
small  scatter  compared  with  the  other  two  sets  of 
data.  We  obtain  the  fitting  parameters  as  follows; 
/I,  =  3000  ML.  d£|  =  21  kcal/mol,  /42  =  5x 
10  ML  '.  1E.  =  -34.8  kcal/mol.  FS;,  =  0.7 
ML/cm"  •  s,  and  Csh  =  0.48  ML.  ML  stands  for 
inonolavers.  Then  we  fix  the  values  of  A^. 
d£,,  and  AE,.  and  adjust  FSg  and  Qi,  to  fit 
other  growth-rate  curves,  as  shown  in  fig.  1.  It 
should  be  mentioned  that  because  the  data  points 
.scatter,  we  ignored  the  highest  point  in  the  set  of 
fwints  for  which  TEGa  flow  rate  is  1.0  SCCM. 

Using  these  parameters,  we  calculate  the  growth 
rate  as  a  function  of  C^h,  as  shown  in  fig.  2  for 
various  substrate  temperatures  used  in  ref.  [12]. 
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Antimony  Surface  Concentration  (ML) 


Fig.  2.  The  dependence  of  growth  rate  of  GaSb  on  antimony 
surface  concentration  resulting  from  our  model. 

Qualitatively  these  curves  agree  well  with  the  data 
in  ref.  [12], 

We  now  discuss  the  parameter  obtained  from 
the  model.  Consider  first  d£,  =£_2-£,  where 
£.;  is  the  activation  energy  of  DEGa  desorption 
and  £  is  the  activation  energy  for  reaction  (5). 
Since  DEGa  and  Sbj  are  reactive,  £  is  probably 
small.  Therefore,  d£i  =  £-2<  which  means  £2  * 
21  kcal/mol.  This  value  is  almost  the  same  as  our 
previous  result  for  GaAs  [4],  and  it  indicates  that 
the  DEGa  desorption  activation  energy  is  the  same 
on  GaSb  as  on  GaAs  surface.  Now,  consider 
d£2  =  £'  -  £3,  where  £'  is  the  activation  energy 
of  antimony-enhanced  desorption,  and  £3  is  the 


Fig.  3.  Growth  rate  of  InA.s  using  TMIn  and  As^  as  a  function 
of  substrate  temperature  (from  280  to  630  “’C)  and  arsenic- 
surface  concentration. 


Fig.  4.  Growth  rate  of  GaAs  using  TEGa  and  arsine  as  a 
function  of  substrate  temperature  (from  280  to  630  °C)  and 
arsenic  surface  concentration. 


activation  energy  for  TEGa  decomposing  into 
DEGa.  Since  the  binding  energy  for  physisorbed 
molecules  should  be  in  the  range  of  1-10  kcal/mol. 
£3  is  in  the  range  of  35.8-45  kcal/mol.  This  value 
is  reasonable  compared  with  the  gas-phase  value 
of  46  kcal/mol. 

2.2.  The  roles  of  group-V  species  in  MOMBE  and 
CBE 

Surveying  the  growth  behavior  of  MOMBE  of 
GaAs.  InAs  and  GaSb.  as  shown  in  figs.  3.  4  and 
5,  we  can  come  to  a  conclusion  that  group-V 
species  play  very  important  roles  in  MOMBE  and 
CBE.  For  TEGa,  in  the  low  group-V  surface  con¬ 
centration  range,  the  group-V  affects  growth  rates 
very  seriously,  especially  in  low  substrate  tempera¬ 
ture  range.  For  TMIn.  even  though  arsenic  affects 
the  growth  rate  too.  but  not  as  much  as  that  in 


Fig.  5.  Growth  rale  of  GaSb  u.sing  TEGa  and  Sb4  as  a  function 
of  sub.strate  temperature  (from  280  to  630°C)  and  arsenic 
surface  concentration. 
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TEGa.  This  may  be  because  of  the  difference 
between  TEGa  and  TMIn  in  chemistry.  According 
to  our  kinetic  model,  there  are  two  competing 
reactions,  reactions  (2)  and  (3),  during  MONfBE 
or  CBE  of  III-V  compounds.  For  example,  in 
GaSb,  one  is  TEGa  decomposing  into  DEGa  and 
the  other  is  antimony-enhanced  TEGa  desorption. 
At  low  substrate  temperature,  reaction  (2)  is  slow, 
and  thus  reaction  (3)  plays  the  major  role.  The 
growth  rate  increases  with  increasing  the  surface 
concentration  of  group-V  species  first  and  then 
decreases  very  quickly.  But  at  high  substrate  tem¬ 
perature,  both  reaction  (2)  and  reaction  (5)  are 
very  fast.  So,  reaction  (3)  does  not  play  an  im¬ 
portant  role  anymore.  The  growth  rate  behaves 
like  conventional  MBE. 

In  summary,  group-V  species  play  an  important 
role  in  MOMBE  and  CBE  especially  in  low  sub¬ 
strate  temperature.  On  the  one  hand,  group-V 
species  on  the  surface  react  with  alkyl-group-III 
radical,  such  as  DEGa,  and  this  kind  of  reaction 
limits  the  growth  rate.  The  higher  the  surface 
concentration  of  group-V  species,  the  higher  the 
growth  rate.  On  the  other  hand,  too  much  group-V 
species  on  the  surface  may  enhance  desorption  of 
alkyl-group-V  molecules,  and  then  growth  rate 
decreases  with  increasing  group-V  beam  flux. 
Therefore,  accurate  control  of  both  group-V  beam 
flux  and  substrate  temperature  is  a  critical  issue  in 
MOMBE  and  CBE.  We  have  succeeded  in  extend¬ 
ing  our  kinetic  model  for  MOMBE  of  GaAs  and 
InAs  to  GaSb.  The  model  can  fit  the  experimental 
data  very  well  and  explain  how  TEGa  flow  rate 


and  antimony  surface  concentration  influence  the 
growth  rate. 
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The  effects  of  a  hydrogen  radical  beam  on  metalorganic  molecular  beam  epitaxy  are  examined.  An  oxide  layer  of  GaAs  is 
removed  by  hydrogen  radical  irradiation.  Self-limiting  growth  is  suppressed  when  trimethylgallium  (TMGa)  and  arsine  (AsH^)  are 
supplied  alternately  under  hydrogen  radical  pressure.  When  triethylgallium  (TEGa).  TMGa  and  AsH^  are  supplied  sequentially,  the 
growth  rate  of  GaAs  increases  with  total  amount  of  TEGa  supply  plus  TMGa  supply,  while  the  growth  rate  increases  with  only 
amount  of  TEGa  without  hydrogen  radicals.  It  is  considered  that  hydrogen  radicals  cut  the  bonds  of  both  a  methyl  radical  and  an 
ethyl  radical  with  Ga  atom  in  TMGa  and  TEGa  molecules. 


1.  Introduction 

Atomic  layer  epitaxy  (ALE)  is  an  interesting 
growth  technique  that  has  good  controllability  of 
growth  layer  thickness  {l-5j.  In  metalorganic 
chemical  vapor  deposition  (MOCVD)  (1.4),  good 
optical  and  electrical  characteristics  of  grown 
layers  have  been  reported  using  the  ALE  tech¬ 
nique.  Good  electrical  characteristics  have  not 
been  obtained  in  layers  by  metalorganic  molecular 
beam  epitaxy  (MOMBE)  using  trimethylgallium 
(TMGa)  as  a  source.  Under  MOMBE,  a  grown 
layer  contains  carbon  impurities  with  10”-10^' 
cm  '  carrier  concentration.  We  have  reported  that 
under  the  ALE  conditions  the  adsorbed  molecules 
on  the  surface  are  not  decomposed  into  Ga  atoms 
for  both  cases  of  TMGa  and  triethylgallium 
(TEGa)  [5,7j.  In  other  words,  the  adsorbed  mole¬ 
cules  have  a  bond  to  carbon  during  the  ALE 
growth  process.  In  order  to  decrease  the  carbon 
concentration,  it  is  desired  to  cut  the  bond  of 
carbon  and  Ga  of  metalorganic  molecules  by  some 
method. 

It  was  reported  that  the  native  oxide  on  a 
surface  of  a  GaAs  substrate  was  removed  by  hy- 

*  Present  address:  Central  Research  Laboratory.  Hitachi.  Ltd.. 

Kokubunji.  Tokyo  185.  Japan. 


drogen  radicals  produced  by  ECR  plasma  [6].  This 
suggests  that  hydrogen  radicals  are  so  active  that 
they  can  cut  the  bond  of  oxygen  and  a  gallium  or 
arsenic  atom.  Therefore,  it  is  thought  that  hydro¬ 
gen  radicals  can  cut  the  bond  of  carbon  and  a  Ga 
atom. 

In  this  paper,  the  effects  of  hydrogen  radicals 
on  MOMBE  growth  are  examined  from  an  ALE 
viewpoint.  Removal  of  a  GaAs  oxide  layer  is 
examined  by  Auger  electron  spectroscopy.  In  ad¬ 
dition,  it  is  examined  as  to  whether  hydrogen 
radicals  do  cut  the  bond  of  a  Ga  atom  and  carbon 
in  TMGa  and  TEGa  molecules  through  measure¬ 
ment  of  the  tliickness  of  the  layer  grown  by  the 
ALE  procedure. 


2.  Experimental  apparatus 

The  MOMBE  system  used  in  the  present  ex¬ 
periment  consists  of  a  conventional  MBE  system 
with  three  charr.bers  for  introduction,  preheating 
and  Auger  analysis,  and  growth,  respectively,  and 
a  specially  designed  gas-handling  system  [7].  A 
hydrogen  radical  beam  gun.  Oxford  Applied  Re¬ 
search  MPD20,  is  installed  in  a  port  of  the  growth 
chamber.  Hydrogen  radicals  are  produced  by  an 
electrodeless  discharge  at  13.56  MHz  and  150  W 
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Fig.  1.  The  ratio  of  oxygen  and  arsenic  Auger  peak  intensity  as 
a  function  of  time.  The  substrate  temperature  is  350  “C  at  a 
thermocouple  behind  the  Mo  block.  The  pressure  of  hydrogen 
radicals  is  2.5  X 10  “  ^  Pa. 


of  RF  power  with  20  SCCM  of  Hj  flow.  It  is 
considered  that  hydrogen  ions  are  hardly  pro¬ 
duced  by  the  radical  beam  gun.  Arsine  (AsHj)  is 
cracked  by  the  tantalum  baffles,  which  are  main¬ 
tained  at  850  ®C. 


3.  Removal  of  native  oxide  of  GaA$  substrate 

An  n-type  GaAsflOO)  ±  0.1°  wafer  was  used  as 
the  substrate.  After  a  chemical  treatment  with 
sulfuric  acid,  the  wafer  was  mounted  on  a 
molybdenum  block  using  indium  metal,  and  it  was 
then  introduced  into  the  growth  chamber.  It  was 
heated  at  350  °C  at  a  thermocouple  behind  the 
Mo  block.  Then  hydrogen  radicals  were  supplied 
for  a  sufficient  time,  and  the  wafer  was  transferred 
to  the  analysis  chamber  in  order  to  obtain  an 
Auger  electron  spectrum  from  the  surface  of  the 
wafer.  These  procedures  were  repeated  several 
times. 

Fig.  1  shows  the  dependence  of  intensity  ratio 
of  oxygen  and  arsenic  Auger  peak  as  a  function  of 
irradiation  time  of  hydrogen  radicals.  In  the  fig¬ 
ure,  the  intensity  ratio  of  oxygen  and  arsenic 
Auger  peak  decreases  with  time;  therefore,  the 
native  oxide  on  the  surface  of  the  GaAs  wafer  was 
removed.  When  hydrogen  was  supplied  without 
electrodeless  discharge,  the  intensity  of  the  oxygen 
Auger  peak  did  not  decrease  at  350  °C.  It  was 


considered  that  hydrogen  radicals  produced  by 
electrodeless  discharge  remove  the  native  oxide  on 
the  surface  of  GaAs.  In  other  words,  hydrogen 
radicals  are  thought  to  cut  the  bond  of  oxygen  and 
a  gallium  or  arsenic  atom. 

4.  Effects  on  ALE 

4.1.  Source  supply  (ALE) 

After  the  wafer  was  introduced  into  the  growth 
chamber  as  mentioned  above,  the  substrate  was 
heated  at  570  °  C  under  arsenic  pressure  for  surface 
cleaning.  The  wafer  temperature  was  measured  by 
an  infrared  pyrometer. 

The  flow  rates  of  TMGa,  TEGa,  AsH,  and  Hj 
were  0.6,  0.6,  1.5  and  20  SCCM,  respectively.  The 
pressure  in  the  growth  chamber  was  2.5  X  10~^  Pa 
wnth  flow  and  1.5  X  10^^  Pa  without  H2  flow. 
The  pressures  of  TMGa,  TEGa  and  ASH3  were 
4x10  2  X  10"“*  and  1.9x10“’  Pa,  respec¬ 

tively,  on  the  beam  flux  monitor  in  the  MBE 
chamber. 

Prior  to  the  ALE  growth,  an  about  200  nm 
thick  undoped  GaAs  layer  was  grown  using  Ga 
metal  and  AsH,.  The  reflection  high  energy  elec¬ 
tron  diffraction  (RHEED)  pattern  of  the  surface 
showed  the  2x4  surface  reconstruction  of  an 
arsenic  stabilized  surface.  When  the  substrate  tem¬ 
perature  was  decreased  to  500  °C,  the  RHEED 
pattern  of  the  surface  was  changed  into  the  c(4  x  4) 
pattern.  The  growth  rates  of  the  GaAs  layer  using 
TMGa  and  TEGa  were  both  4  nm/min  without 
H2  flow  and  both  3  nm/min  with  Hj  flow,  re¬ 
spectively. 

In  the  ALE  experiments,  TMGa,  TEGa  and 
AsHj  were  supplied  sequentially,  as  shown  in  fig. 
2.  These  sequences  were  repeated  for  150  cycles. 
Grown  layer  thicknesses  were  measured  from 
cross-sectional  views  using  the  Hitachi  S-900  scan¬ 
ning  electron  microscope  with  a  resolution  of  0.8 
nm. 

4.2.  The  effect  of  hydrogen  radicals  on  ALE 

Fig.  3  shows  the  thickness  of  GaAs  per  cycle  as 
a  function  of  TMGa  supply  duration  for  the  se- 
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t  cycle 


AsH3  TMGa 


AsHa 


1  cycle 


I  AsHj  TE6a  TIiGa  I  AsHs  b 

H — H  h* H  H — H 

1 _ I - 1 - 1 - 1 - 1 - 1 

0  10  20  30  40  50  60  g 

Fig.  2.  Time  sequences  of  source  supplies:  (a)  TMGa  and 
AsH,  supplied  alternately  for  a  GaAs  substrate  and  (b)  TEGa. 
TMGa  and  AsH,  supplied  sequentially.  The  TMGa  supply 
duration  is  varied  from  5  to  20  s  and  the  TEGa  supply 
duration  is  5  s,  which  corresponds  to  1  ML  of  GaAs  growth. 

AsH  3  supply  duration  is  10  s. 


quence  of  fig.  2a  at  a  growth  temperature  of 
500  °C.  In  the  figure,  the  thickness  of  GaAs  per 
cycle  increases  with  TMGa  supply  duration  and 
no  saturation  phenomena  are  observed,  whereas 
the  thickness  of  GaAs  per  cycle  was  saturated  at  1 
monolayer  (ML)  when  hydrogen  radicals  were  not 
supplied  [5].  We  already  reported  that  TMGa 
molecules  do  not  adsorb  on  TMGa  molecules  or 
their  derivatives  but  adsorb  on  Ga  atoms,  and  that 
TMGa  molecules  do  not  decompose  into  Ga  atoms 
(5].  The  fact  that  the  thickness  of  GaAs  per  cycle 
did  not  saturate  at  1  ML  shows  that  the  hydrogen 


Fig.  3.  Thickneu  of  GaAs  per  cycle  as  a  function  of  TMGa 
supply  duration  for  the  sequence  of  fig.  2a  at  a  growth  temper¬ 
ature  of  500  ®  C.  The  pressure  of  hydrogen  radicals  is  2.5  x  10  "  ^ 
Pa. 


Fig.  4.  Thickness  of  GaAs  per  cycle  as  a  function  of  TMGa 
supply  duration  for  the  sequence  of  fig.  2b  at  a  growth  temper¬ 
ature  of  500°  C.  The  TEGa  supply  duration  is  5  s.  which 
corresponds  to  1  ML  of  GaAs  growth.  The  pressure  of  hydro¬ 
gen  radicals  is  2.5  X 10“ ^  Pa. 


radicals  removed  the  layer  that  limited  adsorption 
of  excess  TMGa  molecules. 

4.3.  The  effect  of  hydrogen  radicals  on  TEGa  mole¬ 
cule 

It  is  well  known  that  in  the  case  of  using  TEGa 
as  a  source,  self-limiting  growth  does  not  occur 
when  TEGa  and  AsH,  are  supplied  alternately  at 
a  growth  temperature  of  5(X)°C.  We  already  ex¬ 
amined  the  growth  rate  of  GaAs  for  the  sequence 
shown  in  fig.  2b  without  hydrogen  radical  pressure 
[7],  As  a  result,  it  is  considered  that  TEGa  mole¬ 
cules  do  not  decompose  into  Ga  atoms  and  TMGa 
molecules  do  not  adsorb  on  TEGa  molecules  or 
their  derivatives.  In  order  to  examine  the  effect  of 
hydrogen  radicals  on  a  layer  that  was  produced  by 
TEGa  molecules  and  limited  adsorption  of  TMGa 
molecules,  the  thickness  of  GaAs  per  cycle  was 
examined  for  the  sequence  of  fig.  2b  with  irradia¬ 
tion  of  hydrogen  radicals.  Fig.  4  shows  the  thick¬ 
ness  of  GaAs  oer  cycle  as  a  function  of  TMGa 
supply  duration  for  the  sequence  of  fig.  2b  at  a 
growth  temperature  of  500  °C.  In  the  figure,  the 
thickness  of  GaAs  increases  with  TMGa  supply 
duration.  Therefore  it  is  considered  that  hydrogen 
radicals  can  remove  a  layer  that  limits  adsorption 
of  TMGa  molecules. 
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QaAs  substrate 


GaAs  substrate 


Fig.  5.  Growth  kinetic  model  for  surface  chemical  reactions  of 
hydrogen  radicals  and  metalorganic  molecules;  (•)  CH,;  (□) 
C,H,. 


desorbed  from  the  surface,  as  shown  in  fig.  5b. 
Therefore,  the  Ga  atom  remain:  on  the  GaAs 
surface.  As  TMGa  molecules  adsorb  on  a  Ga 
atom  [5]  an  excess  GaAs  layer  of  IML  is  grown 
for  1  cycle,  as  shown  in  fig.  5c. 

In  these  experiments,  the  thickness  of  GaAs 
layer  per  cycle  was  not  proportional  to  TMGa 
supply  duration.  Tbe  reasons  are  considered  as 
follows.  Hydrogen  radicals  produced  by  the  radi¬ 
cal  beam  gun  are  insufficient,  and  the  reaction 
time  of  hydrogen  radicals  with  the  adsorbed 
TMGa  molecules  is  longer  compared  with  that  of 
the  source  supply. 

It  was  considered  that  hydrogen  radicals  do 
have  the  ability  to  cut  the  bond  of  a  Ga  atom  and 
carbon  in  both  TMGa  and  TEGa  molecules.  It  is 
important  that  the  amount  of  carbon  impurities  is 
decreased  maintaining  the  characteristics  of  self- 
limiting  growth.  In  this  experiment,  self-limiting 
growth  was  not  achieved,  since  hydrogen  radicals 
were  constantly  supplied  during  growth.  We  be¬ 
lieve  that  ALE  growth  with  low  carbon  concentra¬ 
tion  can  be  achieved  by  the  following  procedure. 
First,  1  ML  of  TMGa  molecules  is  adsorbed  on  a 
GaAs  surface  by  the  excess  1  ML  supply  of  TMGa. 
Next,  hydrogen  radicals  are  supplied  for  a  suffi¬ 
cient  time,  and  1  ML  of  Ga  atom  without  carbon 
may  remain.  1  ML  of  GaAs  is  grown  when  AsHj 
is  supphed. 


5.  Discus.sion 

Fig.  5  shows  schematically  a  model  for  surface 
chemical  reactions  of  hydrogen  radicals  and 
metalorganic  molecules.  When  TMGa  or  TEGa 
molecules  are  irradiated  onto  the  GaAs  surface, 
TMGa  or  TEGa  molecules  decompose  into  mole¬ 
cules  such  as  monomethylgallium  (MMGa)  or 
monoethylgallium  (MEGa),  and  these  molecules 
adsorb  on  the  GaAs  surface,  as  shown  in  fig.  5a. 
When  TMGa  molecules  are  irradiated  onto  ad¬ 
sorbed  MMGa  or  MEGa,  they  cannot  adsorb  on 
MMGa  or  MEGa.  When  hydrogen  radicals  are 
irradiated  onto  adsorbed  MMGa  or  MEGa.  they 
react  with  MMGa  or  MEGa.  As  a  result  of  the 
hydrogen  radical  reaction  with  MMGa  or  MEGa, 
either  methane  or  ethane  may  be  produced  and 


6.  Summary 

The  effects  of  hydrogen  radicals  on  MOMBE 
were  examined.  It  was  found  that  native  oxide  of 
GaAs  can  be  removed  undei  hydrogen  radical 
exposure.  The  growth  rates  of  GaAs  were  mea¬ 
sured  in  sequence  where  TMGa,  TEGa  and  AsH  , 
were  supplied  under  hydrogen  radical  pressure. 
The  self-limiting  growth  to  1  ML  of  GaAs  growth 
was  not  observed  when  TMGa  and  AsHj  were 
supplied  alternately  to  a  GaAs  substrate  under 
hydrogen  radical  pressure.  It  was  also  observed 
that  TEGa  did  not  limit  TMGa  adsorption  on  it. 
It  was  considered  that  TMGa  molecules  adsorb  on 
TMGa  and  TEGa  molecules  or  their  derivatives 
on  the  surface  of  a  GaAs  substrate  under  hydro¬ 
gen  radical  pressure.  It  was  also  considered  that 
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hydrogen  radicals  were  effective  to  cut  the  bond 
of  a  Ga  atom  and  methyl  or  ethyl  radical. 

Acknowledgments 

The  authors  would  like  to  thank  Drs.  Y. 
Katayama  and  I.  Hayashi  for  helpful  discussions 
and  continuous  encouragement. 

References 

(1|  S.M.  Bedair.  M.A.  Tischer.  T.  Katsuyama  and  N.A.  El- 
Masry.  Appl.  Phys.  Letters  47  (1985)  51. 


(2]  J.  Nishizawa.  H.  Abe  and  T.  Kurabayashi,  J.  Bectrochem. 
Soc.  132  (1985)  1197. 

[3]  A.  Usui  and  H.  Sunakawa.  Japan.  J.  Appl.  Phys.  25  (1986) 
L212. 

(4|  M.  Ozeki,  N.  Ohtsuka  and  Kodama.  Appl.  Phys.  Letters 
53  (1988)  1509. 

[5]  A.  Watanabe.  T.  Isu.  M.  Hata,  T.  Kamijoh  and  Y. 
Katayama.  .'apan.  J.  Appl.  Phys.  28  (1989)  L1080. 

[6]  Y.  Tanaka.  Y.  Kunitsugu,  1.  Suemune.  Y.  Honda,  Y.  Kan 
and  M.  Yamanishi.  J.  Appl.  Phys.  64  (1988)  2778. 

[7]  A.  Watanabe.  T.  Kamijoh.  M.  Hata.  T.  Isu  and  Y. 
Katayama.  Vacuum  41  (1990)  965. 


Journal  of  Cr>stal  Growth  111  (1991)  559-563 
North-Holland 


559 


p  VN  GaAs-AlGaAs  heterostructures  grown  by  gas  source  MBE 
using  gaseous  p-  and  n-type  dopant  sources 

A.  Sandhu.  T.  Fujii,  H.  Ando,  T.  Takahashi,  H.  Ishikawa  and  N.  Yokoyama 

Fu/itsu  Lahoralories  Ltd.,  JO-1  Morinosato-Wakamiya,  Atsup  243-01,  Japan 


We  report  on  the  first  growth  of  p ’/N  GaAs-Al.Ga,  ,As  heterostructures  using  all  gaseous  sources  by  gas  source  MBE 
(GSMBE).  GaAs  was  doped  p-t\pe  (1.3  X  10'" cm  “ ')  using  trimethylgallium  as  both  a  dopant  and  group  111  source  and  A1  ,Ga,  ,  .As 
(  V  =  0-0.28)  was  doped  n-type  (5x10”  cm  using  uncracked  disilane  as  an  n-type  dopant  and  triethylgallium  and  triethyl- 
aluminium  as  group  III  sources.  In  both  cases  100"?  arsine  was  used  as  the  group  V  source.  The  current-voltage  ideality  factor  of  the 
heterojunctions  was  found  to  depend  on  the  aluminium  mole  fraction  of  AI,Ga|  _  ,As  (.v  -  0.12.  0.23.  0.28)  and  the  width  ( =  5. 
10.  20  nm)  of  an  undoped  GaAs  spacer  layer  at  the  heterojunction.  A  value  of  1.17  was  obtained  for  a  heterostructure  with  .v  =  0.23 
and  d  V  =  20  nm. 


1.  Introduction 

The  growth  of  III-V  semiconductors  in  ultra- 
high  vacuum  using  metalorganic  group  III  sources 
and  hydride  group  V  sources  has  become  an  ex¬ 
tremely  active  field  of  research  [1-4],  Henceforth, 
this  growth  method  will  be  referred  to  as  gas 
source  MBE  (GSMBE).  From  this  research,  it  has 
become  apparent  that  the  reproducible  doping  of 
Ill-V  compound  semiconductors  using  conven¬ 
tional  "hot"  solid  sources  contained  in  Knudsen 
cells  is  not  reproducible  over  long  periods  of  time, 
due  to  the  formation  of  nonvolatile  metalorganic 
related  species  in  the  effusion  cell  [5].  Thus  for 
practical  applications  of  GSMBE.  it  is  important 
to  be  able  to  reproducibly  dope  III-V  semicon¬ 
ductors  both  n-type  and  p-type.  Without  such  a 
doping  ability  it  will  be  very  difficult  to  reproduci¬ 
bly  realize  high  performance  electron  devices,  such 
as  heterojunction  bipolar  transistors  (HBTs). 
where  it  is  necessary  to  grow  appropriately  design¬ 
ed  p  /N  heterojunctions.  Possible  alternatives  to 
"  hot"  .solid  sources  would  be  “cold"  gaseous 
sources  which  do  not  require  any  form  of  cracking 
and  which  incorporate  readily  under  normal 
growth  conditions.  We  have  previously  reported 
on  the  growth  of  n-type  A1  ,Ga,  ,  As  ( x  =  0-0.28) 


and  p-type  GaAs  by  gas  source  MBE  using  dis¬ 
ilane  (SijHf,)  and  trimethylgallium  (Ga(CH,).i- 
TMG)  as  gaseous  dopant  sources  [6).  We  have 
taken  this  investigation  a  stage  further,  and  in  this 
paper  report  the  first  growth  of  p’^/N  GaAs-Al 
GaAs  heterostructures  by  GSMBE  using  the 
aforementioned  gaseous  dopant  sources.  We  pre¬ 
sent  the  electrical  and  secondary  ion  mass  spec¬ 
troscopy  data  on  the  (Al.  Ga)As  epilayers  and 
heteroslructures  doped  using  Si^H^,  and  TMG, 
and  show  that  “cold"  dopant  sources  are  a  practi¬ 
cal  alternative  to  “hot"  solid  sources  for  the  growth 
of  p*/N  GaAs-AlGaAs  heterostructures  by 
GSMBE. 


2.  Experimental 

All  the  epilayers  were  grown  on  semi-insulating 
(100)  GaAs  substrates  in  a  VG80H  MBE  growth 
chamber  using  a  totally  independently  designed 
gas  handling  system.  Cracked  AsH,  (100%, 
1100°C)  was  used  as  a  group  V  source  and  its 
flow  rate  was  regulated  using  a  mass  flow  con¬ 
troller.  In  the  n-type  growth  of  the  Al.Ga,  .  As 
(.v  =  0-0.28),  triethylgallium  (GafCjHOj.  TEG) 
and  triethylaluminium  (AlfCiHs),,  TEA)  were 
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used  as  group  III  sources,  and  uncracked  10% 
disilane  in  hydrogen  (SiiH^,)  as  the  n-type  dopant 
source.  Growth  of  p-type  GaAs  was  carried  out 
using  trimethylgallium  (GafCH,),,  TMG)  as  both 
the  p-type  dopant  and  group  III  source.  All  metal- 
organics  were  introduced  into  the  growth  chamber 
without  the  use  of  a  carrier  gas  and  the  flow  rate 
was  controlled  by  measuring  the  pressure  dif¬ 
ference  at  a  flow  element  and  then  feeding  the 
signal  to  a  control  valve.  A  detailed  account  of  the 
group  III  gas  handling  system  has  been  published 
elsewhere  [7].  The  GaAs-AlGaAs  heterostructures 
were  grown  at  a  substrate  temperature  of  580  °C. 
which  was  monitored  using  a  calibrated  infrared 
pyrometer. 

The  electron  concentration  of  n-type  A1  ^ 
Ga,  _,A.s  (.r  =  0-0.28)  was  determined  by  C-y 
measurements  on  aluminium  Schottky  diodes,  and 
the  hole  concentration  and  mobility  of  p-type 
GaAs  were  measured  at  room  temperature  by  the 
standard  Van  der  Pauw-Hall  method  using  in¬ 
dium  ohmic  contacts.  The  atomic  concentrations 
of  Si  in  the  n-type  Al.Ga,  .  ^As  epilayers  and  Si 
and  C  in  the  p*/N  GaAs-Ga.Al,.  ,As  hetero¬ 
structures  were  obtained  from  secondary  ion  mass 
spectroscopy  (SIMS)  measurements  using  Cs^  ions 
for  .sputtering.  The  atomic  concentrations  of  C 
and  Si  were  determined  by  comparison  with  ion- 
implanted  reference  samples.  In  the  case  of  n-type 
AlGaAs,  the  reference  samples  were  Si-implanted 
GaAs  and  Al„3Ga(,7As.  Current-voltage  mea¬ 
surements  were  made  on  mesa  diodes  having  a 
diameter  of  2(X3  gm,  which  were  fabricated  by 


photo-lithographic  processes,  and  conventional 
wet  chemical  etching. 

3.  Results  and  discussion 

Figs,  la  and  lb  show  the  variation  of  the  GaAs 
hole  concentration  and  mobility  with  substrate 
temperature  and  V/III  ratio,  respectively.  All  the 
p-type  GaAs  epilayers  studied  had  excellent  mir¬ 
ror  morphologies.  The  GaAs  epilayer  mobilities 
varied  between  100  cm^/V  ■  s  at  a  hole  concentra¬ 
tion  of  6.3  X  10'**  cm”’  and  60  cm’/V  •  s  at  hole 
concentration  of  1.3x10^®  cm  ’.  These  results 
are  considered  to  be  comparable  or  better  than 
those  of  p-type  GaAs  epilayers  grown  by  other 
methods  [8].  It  can  be  seen  that  the  GaAs  epilayer 
hole  concentration  is  relatively  insen,sitive  to  sub¬ 
strate  temperature,  but  is  strongly  dependent  on 
the  V/III  ratio.  Our  results  .show  opposite  trends 
from  results  on  the  growth  of  p-type  GaAs  using  a 
combination  of  TMG-AS4.  where  the  hole  con¬ 
centration  was  reported  to  decrease  drastically 
with  increasing  substrate  temperature  and  to  be 
very  weakly  dependent  on  the  V/Ill  ratio  [9].  It 
can  be  speculated  that  carbon  incorporation  using 
the  TMG-AsH,  combination  is  governed  by  the 
reaction  of  TMG  by-products  with  active  hydro¬ 
gen  (which  is  abundantly  present  as  a  by-product 
of  cracked  arsine),  and  not  by  thermal  pyrolysis  of 
TMG  as  has  been  proposed  in  the  case  of  TMG- 
AS4.  From  the  practical  point  of  view,  our  results 
show  that  the  hole  concentration  of  GaAs  can  be 


Fig.  1 .  Variation  of  GaAs  epilayer  hole  concentration  and  mobility  with  (a)  substrate  temperature  and  (b)  V /III  ratio. 
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Fig.  2.  Variation  of  the  electron  and  silicon  atomic  concentra¬ 
tion  of  .-VI^Gai  ,As  (.V  =  0-0.28)  epilayers  with  Si;H„  flow 
rate.  The  data  are  normalized  to  an  epilayer  growth  rate  of  1 
gm/h.  For  .r  =  0  (GaAs)  =  610°  C  and  A.sH,  =  2SCCM. 
For  v  =  0.12.  0.2.1  and  0.28.  7;„^  =  580°C  and  AsH,  =  4 
SCCM.  The  dashed  lines  indicate  a  unity  slope  and  the  solid 
lines  are  inserted  to  make  reading  of  data  easier. 


changed  between  6.3  x  10'*'  and  1.3  x  10'"  cm"  ’ 
by  varying  the  TMG  and  AsH,  flow  rates  (i.e. 
V/III  ratio),  which  is  much  more  accurate  and 
simpler  than  if  it  were  necessary  to  adjust  the 
substrate  temperature. 


Fig.  2  shows  the  variation  of  the  electron  and 
silicon  atomic  concentration  of  n-type  Al,Ga|„, 
As  (x  —  0.  0.12,  0.23,  0.28)  with  Si2Hg  flow  rate. 
All  the  silicon  doped  epilayers  had  excellent  mir¬ 
ror  morphologies.  It  can  be  seen  that  the  atomic 
concentration  of  silicon  varies  linearly  with  Si2Hg 
flow  rate  for  all  aluminium  compositions  (dashed 
lines  indicate  a  slope  of  unity).  However,  the 
electron  concentration  of  Al,Ga,  .  ^As  for  x  =  0 
and  0.12  varies  sublinearly  (approximately  square 
root)  with  the  Si2Hg  flow  rate  and  for  x  =  0.23 
and  0.28,  the  dependence  becomes  superlinear. 
The  electron  concentration  dependencies  are  dif¬ 
ferent  from  those  of  n-type  (Al.  Ga)As  grown  by 
low  pressure  MOCVD  using  disilane  as  a  dopant, 
where  the  electron  concentration  was  reported  to 
exhibit  a  linear  dependence  on  the  Si2Hg  flow 
rate  and  to  be  independent  of  the  Al  mole  fraction 
[lOj.  Further  investigations  are  necessary  in  order 
to  be  able  to  explain  the  different  trends  because 
the  dissociation  paths  of  Si2Hft  and  the  conse¬ 
quent  incorporation  mechanisms  of  silicon  in 
GSMBE  are  not  understood,  but  the  role  of  the 
stagnant  layer  (which  does  not  exist  under  normal 
GSMBE  growth  conditions  where  the  pressure 
during  growth  is  typically  5x10'  Torr)  appears 
to  be  the  key  factor  in  explaining  the  differences 
in  the  results.  However,  our  results  clearly  show 


Depth  (gtn) 

.T  (a)  The  specification.s  of  all  the  p'/N  AI.Ga,  ,As  helerostructures  investigated,  (h)  The  SIMS  profile  of  a  p  /N 

AI|i2,Ga,i77As  heterostructure  ( J.v  =  10  nm). 
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that  dissociates  readily  at  normal  growth 

temperatures  and  that  it  is  a  suitable  n-type  “cold” 
dopant  source  for  Al,Ga,_^As  (j:  =  0-0.28) 
grown  by  GSMBE. 

Based  on  the  doping  results  described  above,  a 
series  of  p^/N  GaAs-Al^Ga,_^As  heterostruc¬ 
tures  were  grown  and  the  electrical  properties  of 
the  heterojunctions  evaluated  from  the  ideality 
factor  of  the  heterojunction  I-V  characteristics. 
The  variable  growth  parameters  were  the 
aluminium  composition  (x)  of  the  AljGa,_,As 
layer  and  the  width  of  an  undoped  GaAs  spacer 
layer  (Ss)  inserted  between  p^-GaAs  and  n-Al^ 
Ga,  _  ^As  layers.  The  specifications  and  SIMS  pro¬ 
file  (for  -v  =  0.23  and  As  =  10  nm)  of  the  p^/N 
GaAs-Al,Ga|_,As  heterostructures  are  shown  in 
figs.  3a  and  3b.  respectively.  The  SIMS  data  shows 
that  the  carbon  profile  of  the  p*-GaAs  layer  (1.3 
X  10-'’  cm  ')  is  very  abrupt,  falling  to  the  back¬ 
ground  carbon  level  of  the  adjacent  Al()  ,,Ga|,  7,As 
layer  within  about  25  nm.  This  result  confirms  the 
previous  reports  on  the  extremely  small  diffusion 
constant  of  carbon  in  GaAs  at  high  doping  level 
(llj.  It  can  be  seen  that  the  carbon  concentration 
is  higher  than  that  of  Si  in  the  Al„2iGa„77As 
layer.  This  would  suggest  that  the  AlGaAs  should 
be  p-type.  However,  as  we  have  previously  re¬ 
ported  [12],  the  background  carbon  in  AlGaAs 
epilayers  grown  by  GSMBE  is  not  100%  electri¬ 
cally  active  and.  for  example,  when  SIMS  data 
from  an  undoped  AlGaAs  layer  show  a  back¬ 


ground  carbon  concentration  of  1  x  lO"*  cm"  \ 
the  C-y  data  from  the  same  epilayer  reveal  a  hole 
concentration  of  only  1  X  lO'^cm  \  In  the  case  of 
these  p^/N  heterostructures.  C-K  measurements 
were  used  to  confirm  that  the  AlGaAs  layers  were 
n-type  having  electron  densities  of  5  x  10'’cm  ‘\ 

Fig.  4a  shows  the  typical  /-  V  characteristics  of 
the  p^/N  GaAs-Al  jGa,  _  ,  As  heterostructures 
grown  in  this  study.  The  characteristics  are  of  a 
p'^/N  GaAs-Al(,23Ga„77As  heterostructure  hav¬ 
ing  a  spacer  layer  width  of  10  nm.  The  ideality 
factors  (tj)  of  the  heterojunctions  were  determined 
from  such  l-V  data  and  fig.  4b  shows  the  varia¬ 
tion  of  T)  with  Al  mole  fraction  (.v)  and  spacer 
layer  width  (As)  of  all  the  heterostructures  grown. 
A  value  of  1.17  was  obtained  for  .x  =  0.23  and 
As  =  20  nm.  It  can  be  seen  that  tj  is  relatively 
insensitive  to  the  spacer  layer  width,  but  that  it 
has  a  more  pronounced  dependence  on  x.  Further 
investigations  are  now  underway  in  order  to  ex¬ 
plain  the  observed  increa.se  in  the  magnitude  of  r) 
with  increasing  aluminium  mole  fraction,  with 
particular  emphasis  on  the  role  of  recombination 
centres  in  the  vicinity  of  the  heterojunction  deple¬ 
tion  region. 

The  very  encouraging  ideality  factor  results  of 
the  p  ’/N  GaAs-AlGaAs  heterostructures  indi¬ 
cate  that  TMG  and  uncracked  Si^H^  are  practical 
alternatives  to  conventional  .solid  dopant  sources 
for  the  growth  of  such  structures  by  GSMBE. 
These  results  are  very  promising  for  the  potential 
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f  ig  4.  (a)  The  II'  characteri.stics  of  a  p  ‘/N  CjaAs-Al„2,Gai,77A.s  heteroslruclure  (Jv  =  10  nm).  (b)  The  variation  of  the  ideality 
factor  ( jj)  with  Al  mole  fraction  f  .v )  and  spacer  layer  wridlh  (d.r )  of  all  the  heterostructures  investigated. 
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realization  of  high  performance  HBT  structures  by 
this  growth  method. 


4.  Conclusion 

We  reported  on  the  first  growth  of  p*/N  Ga 
As-Al,Ga,  ^  ,As  heterostructures  using  all  gase¬ 
ous  sources  by  GSMBE.  The  current-voltage 
ideality  factor  of  the  heterojunctions  was  found  to 
depend  on  the  aluminium  mole  fraction  of  the 
Al  ,Ga,  ^ ,  As  layer  and  spacer  layer  width.  A  value 
of  1.17  was  obtained  for  a  heterostructure  with 
X  =  0.23  and  Ax  =  20  nm. 

These  results  will  have  significant  implications 
for  the  successful  realization  of  devices  such  as 
GaAs/AlGaAs  heterojunction  bipolar  transistors 
by  GSMBE. 
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for  carbon  doping  of  GaAs  and  Ga^^In,,^? 
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Carbon  tetrachloride  (CCI4)  and  chloroform  (CHCI,)  have  been  studied  as  carbon  doping  sources  for  the  compound 
semiconductors  GaAs,  GaP.  InP.  and  Gao,|In„4,P  grown  by  gas  source  MBE  from  elemental  Group  111  sources  and  thermally 
cracked  Group  V  hydride  sources.  Hole  concentrations  up  to  1.3x10^’  cm"  have  been  measured  by  Hall  effect  in  CCIj-doped 
Ga.As.  which  agrees  closely  with  the  atomic  C  concentration  from  secondary  ion  mass  spectrometry,  indicating  complete  electrical 
activity  of  the  incorporated  carbon.  For  comparable  dopant  flow  rates,  use  of  CHCI  ,  results  in  carbon  and  hole  concentrations 
approximately  a  factor  of  15  lower  than  that  from  CCI4.  The  sensitivity  of  carbon  incorporation  to  varying  substrate  temperature  and 
V/Ill  ratio  has  been  observed  to  be  significantly  reduced  with  CCI4  and  CHCI,  from  that  obtained  under  similar  growth  conditions 
with  trimethylgallium  (TMG)  in  metalorganic  MBE  (MOMBE).  The  GaAs  growth  rate  is  unaffected  by  the  CCI4  flux  over  the  range 
of  CCI4  flow  investigated.  CCI4  has  also  been  successfully  employed  as  a  carbon  doping  source  for  GaP.  with  a  hole  concentration  of 
1  X  10’®  cm  ’  achieved  for  growth  at  6(X)“C.  Films  of  Gai,  5|ln„49P  grown  at  51 5 ‘’C  exhibit  only  marginal  p-type  conductivity  with 
p  =  5  X  lO'*’  cm  ’  when  doped  with  CCI4.  despite  an  incorporated  atomic  concentration  of  |C1  =  5  x  lO'*'  cm  '.  Films  of  InP  grown 
at  515 °C  are  n-type  with  n  =  9x  lO'^cm  '  despite  substantial  incorporated  carbon  equal  to  1  x  lO’"  cm 


1.  Introduction 

The  use  of  carbon  as  an  intentional  p-type 
dopant  species  for  films  of  GaAs  and  A1  ,Gai  _ ,  As 
has  recently  become  a  topic  of  great  interest  be- 
cau.se  of  the  extremely  high  substitutional  con¬ 
centration  that  can  be  achieved,  with  doping  in 
excess  of  1  x  10'‘'cm  ’  having  been  demonstrated 
by  organometallic  vapor  phase  epitaxy  (OMVPE) 
[1,2)  and  beyond  1  x  10^'  cm'’  in  the  case  of 
metalorganic  molecular  beam  epitaxy  (MOMBE) 
[3].  Such  high  levels  of  carbon  doping  facilitate  the 
formation  of  ohmic  contacts  to  p-type  GaAs  and 
Al,Ga,  ,As  layers  and  minimize  the  parasitic 
sheet  and  bulk  resistances  associated  with  p-type 
layers  in  device  structures  such  as  the  Npn  hetero¬ 
junction  bipolar  transistor.  Just  as  important  as 
the  high  doping  level  achievable  with  carbon  dop¬ 
ing  sources  is  the  extremely  low  diffusion  coeffi¬ 
cient  (1)  of  carbon  relative  to  other  p-type  doping 
species  such  as  beryllium,  magnesium,  and  zinc. 


CCI4  has  recently  been  studied  as  a  carbon 
doping  source  for  GaAs  grown  by  OMVPE  [2.4]. 
Similar  investigations  in  the  case  of  MBE  have  not 
yet  been  undertaken.  Carbon  doping  in  MBE  has 
thus  far  been  limited  to  studies  utilizing  either  a 
graphite  filament  .source  [5]  in  conventional  solid 
source  MBE  or  trimethylgallium  (TMG)  in  meta¬ 
lorganic  MBE  (MOMBE)  [6].  Likewise,  very  little 
work  has  been  reported  to  date  on  the  incorpora¬ 
tion  and  electrical  activity  of  high  concentrations 
of  carbon  in  Ill-V  compound  semiconductors 
other  than  GaAs  (7.8).  Because  of  their  visible 
emission  spectrum,  GaP  and  Ga(,4,In„4gP  are  im¬ 
portant  semiconductor  materials  for  optical  de¬ 
vices  such  as  light-emitting  diodes  and  laser  di¬ 
odes.  It  is  of  interest,  therefore,  to  investigate  the 
possibility  of  extending  the  usefulness  of  carbon 
as  a  dopant  species  beyond  A1  ,Ga  1  . ,  As  to  other 
related  III-V  optoelectronic  materials.  In  this 
paper,  we  report  on  the  first  use  of  CCI4  and  the 
related  halomethane,  CHCI,,  as  carbon  doping 
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sources  for  the  MBE  growth  of  GaAs,  GaP,  InP. 
and  Gao5,In,)49P  (GalnP). 


flow  delivered  to  the  growth  chamber,  the  Antoine 
equations  for  the  temperature  dependence  of  the 
vapor  pressures  of  CCI4  and  CHCI ,  were  used  [9]. 


2.  Experimental  details 

All  epitaxial  films  reported  in  this  study  were 
grown  in  a  Varian  Gen  II  Modular  Gas  Source 
MBE  system.  Pure  PHj  (99.9992%  purity)  and 
AsH,  (99.9995%  purity)  were  thermally  cracked  in 
a  low  pressure  cracking  furnace  operated  in  the 
range  850-950  °C.  Elemental  Ga  and  In  sources 
in  conventional  MBE  Knudsen  cells  were  utilized 
for  the  growth  of  all  films  doped  with  CCI4  or 
CHCI,.  For  comparison,  GaAs  films  were  also 
grown  with  TMG.  in  which  case  the  TMG  was 
transported  by  palladium-purified  hydrogen  car¬ 
rier  gas  metered  with  mass  flow  controllers.  Elec¬ 
tronic  grade  CCI4  and  CHCI,  were  transported 
from  temperature-controlled  stainless  steel  bub¬ 
blers  with  a  hydrogen  carrier  gas  during  the  dop¬ 
ing  experiments.  The  growth  rates  of  ail  epilayers 
were  in  the  range  of  0.65-1.0  ju/h.  Substrate  heat¬ 
ing  of  the  GaAs  and  InP  substrates  was  accom¬ 
plished  radiatively.  while  GaP  substrates  were 
bonded  with  In/Ga  eutectic  solder  to  molybde¬ 
num  blocks.  After  ex  situ  chemical  cleaning,  the 
substrates  were  thermally  cleaned  in  the  growth 
chamber  at  620 '’C  (GaAs).  550 °C  (InP).  or 
650  °C  (GaP)  under  the  appropriate  Group  V 
flux.  During  epilayer  growth,  the  chamber  pres¬ 
sure  was  in  the  range  (1-7)  x  10  T. 

For  characterization  of  the  carbon  incorpora¬ 
tion,  Hall  effect  and  secondary  ion  mass  spec¬ 
trometry  (SIMS)  measurements  were  performed. 
For  calibration  of  the  SIMS  measurements,  ’’C- 
implanted  standards  of  GaAs,  GaP,  InP,  and 
GalnP  were  utilized.  The  SIMS  characterizations 
of  the  samples  were  performed  in  a  Cameca  IMS 
3f  instrument,  using  Cs*  ion  bombardment  at  10 
kV  with  negative  secondary  ion  detection  of  the 
’‘C  ion.  The  '‘C'  background  signal  corre¬ 
sponded  to  a  carbon  concentration  of  about  (1-2) 
X  10”  cm  \  Double  crystal  X-ray  diffraction 
measurements  were  made  to  confirm  lattice¬ 
matching  of  the  GalnP  films  to  the  GaAs  sub¬ 
strates  with  mismatch  less  than  2  x  10  ' 

For  computation  of  the  actual  halomethane 


3.  Results  and  discussion 

3.J.  GaAs  growth 

Films  of  GaAs  doped  with  either  CCI4  or 
CHCI,  exhibit  100%  electrical  activation  of  the 
carbon  dopant  over  the  concentration  range  of 
10"*- 10’“  cm  The  depend'^nce  of  SIMS  carbon 
concentration  on  dopant  flow  rate  is  summarized 
in  fig.  1.  With  both  doping  sources,  the  atomic 
carbon  concentration  varies  in  a  well-controlled, 
linear  fashion  with  dopant  flow.  The  CCI4  curve 
shows  slight  saturation  as  the  atomic  carbon  con¬ 
centration  reaches  2  X  lO’"  cm"  ’.  In  addition,  the 
.surface  morphology  and  hole  mobilities  are  sig¬ 
nificantly  degraded  for  CCI4  flow  beyond  about  4 
SCCM  corresponding  to  a  hole  concentration  of 
1.5x10’''  cm"’.  For  comparable  dopant  flow¬ 
rates,  CCI4  appears  to  be  a  more  efficient  doping 
source  than  CHCI,  by  about  a  factor  of  15.  which 
is  similar  to  the  result  obtained  in  OMVPE  [9]. 
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Fig.  1.  SIMS  carbon  incorporalion  for  CCI4  in  GaAs  (A).  GaP 
<•),  InP  (♦),  and  Ga|,„In„4,P  (■),  and  for  CHCI,  in  GaAs 
(o)  as  a  function  of  the  dopant  flow  rate.  The  dopant  flow- 
rales  have  been  determined  from  carrier  gas  flow  rates  u.sing 
vapor  pressure  data  [9]  and  the  carbon  concentrations  have 
been  scaled  for  a  common  growth  rale  of  1.0  gm/h. 
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It  should  be  noted  that  neither  CCI4  nor  CHCI3 
affected  the  GaAs  growth  rate  over  the  doping 
range  displayed  in  fig.  1.  Direct  control  of  doping 
levels  with  dopant  flow  rate  and  the  decoupling  of 
doping  level  from  growth  rate  are  advantages  of 
these  doping  sources  with  respect  to  either  TMG 
or  triethylgallium  (TEG),  With  TMG  and  TEG, 
variations  in  growth  parameters  such  as  precursor 
flow  rate,  substrate  temperature,  or  V/III  ratio 
that  might  be  utilized  to  control  carbon  incorpora¬ 
tion  also  have  the  undesirable  effect  of  signifi¬ 
cantly  perturbing  the  growth  rate  (10,11),  thus 
complicating  control  of  the  epitaxial  process.  With 
CCI4  and  CHCI3,  the  doping  level  can  be  changed 
simply  by  changing  the  hydrogen  carrier  gas  flow 
without  affecting  the  GaAs  growth  rate,  which  is 
determined  solely  by  the  Ga  arrival  rate. 

The  carbon  doping  from  CCI4  and  CHCI3  is 
much  less  sensitive  to  variation  in  substrate  tem¬ 
perature  during  growth  than  that  associated  with 
either  TMG/AsH,  or  TMG/AS4.  Fig.  2  is  a  di¬ 
rect  comparison  of  the  growth  temperature  depen¬ 
dences  of  atomic  carbon  concentration  for  these 
sources  with  a  fixed  AsH,  flow  of  3  SCCM.  The 
carbon  incorporation  from  CCI4/ASH3  is  a  factor 
of  2-3.5  above  that  achieved  with  TMG/AsH, 
and  increases  at  higher  growth  temperature,  in 
contrast  to  the  decrease  in  carbon  concentration 
observed  for  TMG  with  increasing  growth  temper¬ 
ature.  The  level  of  carbon  incorporation  is  de¬ 
termined  by  the  competition  between  decomposi¬ 
tion  and  desorption  processes  involving  adsorbed 
CH,  (TMG  doping)  and  CCl,  (CCI4  or  CHCl, 
doping)  species.  Higher  growth  temperatures 
would  tend  to  enhance  both  the  decomposition 
and  desorption  rates  of  surface-adsorbed  CH,  and 
CCl,,  .so  that  the  temperature  dependence  of  the 
incorporated  carbon  would  be  determined  by  the 
relative  magnitudes  of  the  activation  energies  ( £4, ) 
for  these  two  processes.  If  the  value  of  £4,  for 
surface  decomposition  is  higher  than  that  for  de¬ 
sorption,  then  the  carbon  level  would  increase 
with  increasing  growth  temperature,  as  in  the  case 
of  CCI4  doping.  The  temperature  dependence  of 
carbon  incorporation  from  TMG/ASH3  suggests 
that  the  activation  energy  for  desorption  of 
surface-adsorbed  CH,  is  hi^er  than  that  for  de¬ 
composition  over  the  temperature  range  of  520- 
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Fig.  2.  Growth  temperature  dependence  of  the  SIMS  carbon 
concentration  in  GaA.s  doped  with  various  precursors.  The 
data  for  TMG/A.S4  are  taken  from  ref.  [3].  The  AsH,.  CCl  4. 
and  CHCl,  flow  rates  are  each  fixed  at  3  SCCM  and  the 
growth  rate  is  1  jim/h. 


600 °C.  It  can  be  concluded  that  replacing  CH, 
surface  species  with  more  weakly  bound  CCl, 
species  allows  surface  decomposition  to  more  ef¬ 
fectively  compete  with  desorption  as  the  tempera¬ 
ture  increases.  This  property  of  Cl  ligands  suggests 
that  CCl  4  is  to  be  preferred  over  TMG  as  a 
dopant  source  in  situations  requiring  heavy  carbon 
doping  at  growth  temperatures  greater  than 
600  °C. 

Sequential  replacement  of  strongly  bound  H 
ligands  (-  104  kcal/mol)  with  weakly  bound  Cl 
ligands  (~  78  kcal/mol  [12])  in  the  halomethane 
precursor  affects  not  only  the  temperature  depen¬ 
dence  of  carbon  incorporation,  but  also  the  ef¬ 
ficiency  of  the  doping  source,  which  is  evident  in 
the  data  for  CCl  4  and  CHCl,  in  fig.  1.  Decom¬ 
position  is  expected  to  occur  more  rapidly  in  the 
more  highly  suDstituted  halomethane,  leading  to 
increased  carbon  incorporation  efficiency.  A  simi¬ 
lar  trend  has  been  reported  in  OMPVE  [9].  Con¬ 
trolled  p-type  doping  at  levels  below  1  X  10'‘'cm  “ ' 
might  then  be  obtained  by  utilizing  halomethanes 
with  fewer  replacement  halogen  atoms,  such  as 
CH3CI  or  CH2CI2. 
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In  order  to  achieve  the  very  highest  levels  of 
carbon  incorporation  with  TMG,  i.e.,  approaching 
1  X  10"'  cin~  \  As4  rather  than  cracked  AsH,  is 
usually  employed  [3],  although  a  high  doping  level 
of  5  X  10*“  cm” ^  has  also  been  reported  for  GaAs 
grown  at  1.8  gm/h  with  TMG/AsHj  [13].  In 
addition.  He  is  generally  used  as  a  carrier  gas  for 
the  TMG  rather  than  H^,  and  the  growth  temper¬ 
ature  must  be  reduced  below  550  °C.  As  we  have 
been  unable  to  achieve  this  level  of  carbon  doping 
with  CCI4  due  to  degradation  in  layer  mor¬ 
phology,  TMG  continues  to  be  the  only  available 
doping  system  for  applications  requiring  ex¬ 
tremely  high  carbon  doping  beyond  2  x  10*“  cm  ” 

In  addition  to  its  favorable  temperature  depen¬ 
dence,  CCI4  is  also  less  sensitive  as  a  dopant 
source  to  V/III  ratio  than  is  TMG.  Fig.  3  com¬ 
pares  the  dependence  of  carbon  incorporation  on 
AsH,  flow  rate  for  films  grown  with  CCI4,  CHCl ,. 
and  TMG  at  600  °C.  While  the  carbon  incorpora¬ 
tion  varies  inverse  linearly  with  AsH  ,  flow  rate  for 
the  TMG  ca.se.  the  carbon  incorporation  from 
CCI4  and  CHCl,  is  approximately  inversely  pro¬ 
portional  to  the  square  root  of  the  AsH ,  flow  rate. 
This  behavior  of  CCI4  and  CHCl,  in  GSMBE 
differs  from  that  observed  in  OMVPE  [9],  in  which 
the  carbon  incorporation  varies  with  an  inver.se 
superlinear  dependence  on  AsH ,  flow.  The  reason 
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Fig.  3.  Variation  of  SIMS  carbon  concentration  with  AsH, 
flow  rate  in  GaA.s  doped  with  various  precursors  at  a  growth 
temperature  of  600 °C.  The  CCI4  and  CHCl,  flow  rales  are 
each  3  SCCM.  and  the  growth  rate  is  1  gm/h. 


for  the  reduced  variation  of  carbon  content  with 
AsH,  flow  in  GSMBE  using  halomeihanes  is  not 
understood  at  present,  although  it  may  be  related 
to  differences  in  the  form  of  the  predominant  As 
species  employed  in  the  two  growth  techniques, 
e.g..  As  or  As,  in  GSMBE  versus  AsH,  in 
OMVPE. 

The  electrical,  optical,  and  structural  properties 
of  heavily  carbon-doped  films  of  GaAs  grown 
with  CCI4  appear  to  be  quite  similar  to  those  of 
films  grown  with  TMG.  For  films  with  /?  =  1  x 
10^“  cm”°.  300  K  Hall  mobilities  of  60  cm*/V  •  s 
are  measured  for  both  CCI4  and  TMG  doping. 
Likewise,  the  FWHM  of  epilayer  X-ray  diffraction 
peaks  are  also  almost  identical  for  both  CCI4  and 
TMG  at  40-50  arc  sec  for  1.35-/im-thick  films 
doped  at  1.2x10°"  cm”'.  The  300  K  photo¬ 
luminescence  peak  intensity  of  layers  grown  with 
CCI4  is  within  a  factor  of  2  of  that  from  films 
comparably  doped  with  TMG.  The  abrupine.s.s  of 
doping  turn-on  and  turn-off  is  estimated  to  be  less 
than  150-200  A/decade  for  both  CCI4  and  TMG. 
corresponding  to  the  depth  resolution  limit  of 
SIMS  analyses. 

The  potential  for  Cl  contamination  of  epilayers 
must  be  considered  with  chloromethane  doping 
sources.  SIMS  measurements  indicate  that  the  Cl 
content  of  films  grown  with  either  CCI4  or  CHCl  , 

is  below  the  SIMS  detection  •  limit  of  1  X  10'^ 

-  ^ 
cm 

3.2.  GaP  growth 

We  have  previously  demonstrated  that  TMG 
can  be  used  to  carbon-dope  GaP  in  a  manner 
similar  to  GaAs  [8].  In  this  present  study.  CCI4 
has  also  been  successfully  applied  to  carbon-dope 
GaP  films  grown  with  elemental  Ga  and  thermally 
cracked  PH  ,.  At  a  growth  temperature  of  600  °C. 
a  growth  rate  of  0.65  jum/h,  and  with  4  SCCM  of 
PH,,  a  hole  concentration  of  1  x  10°“  cm  '  and  a 
300  K  hole  mobility  of  25  cirr/V  ■  s  have  been 
measured  for  a  CCI4  flow  of  1.2  SCCM.  The 
doping  efficiency  of  CCI4  in  GaP  is  only  slightly 
higher  than  that  observed  in  GaAs  under  similar 
growth  conditions  (see  the  GaP  data  point  in  fig. 
1),  suggesting  that  the  carbon  incorporation  from 
CCI4  is  relatively  in.sensitive  to  differences  in 
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surface  chemistry  associated  with  the  different 
Group  V  species.  PH,  and  AsH,. 

J.j.  GalnP  growth 

Previous  attempts  to  carbon-dope  Ga|,5,Ino4,P 
by  using  TMG  and  elemental  In  in  MOMBE  have 
been  unsuccessful  [8].  At  a  high  growth  tempera¬ 
ture  of  560  °C,  carbon  incorporation  in 
Ga^ln,  ,P  is  reduced  by  the  presence  of  In  in  the 
films,  with  the  carbon  concentration  dropping  by 
1  decade  for  each  1.5%  increase  of  InP  mole 
fraction  above  5%.  At  a  lower  growth  temperature 
of  500  °C.  TMG  results  in  5  X  10'**  cm  '  carbon 
incorporation,  but  the  Gayj|ln,)4gP  films  are  gen¬ 
erally  n-type  with  «  =  2  X  10"*  cm  An  even 
higher  concentration  of  carbon  can  be  incorpo¬ 
rated  in  GalnP  from  CCI4  than  has  been  possible 
thus  far  with  either  TMG  or  TEG.  as  indicated  by 
the  datum  for  Ga,i„ln,i4gP  in  fig.  1  at  a  growth 
temperature  of  515°C.  Despite  this  atomic  carbon 
concentration  of  5  x  lO'**  cm" '.  however.  Hall  ef¬ 
fect  measurements  indicated  a  hole  concentration 
of  only  5  x  10'*'  cm  \  We  have  not  been  able  to 
determine  whether  the  low  carrier  concentrations 
in  GalnP  doped  with  either  T.MG  or  CCI4  are  due 
to  nonsubstitutionality  of  carbon,  self-compensa¬ 
tion  by  occupation  of  both  Group  III  and  Group 
V  sublattice  sites,  and/or  compensation  by  electri¬ 
cally  active  native  defects.  In  summary,  even 
though  CCl ,  can  carbon-dope  Gan^ilno^gP  an 
order  of  magnitude  more  heavily  than  TMG.  the 
resulting  p-type  conductivity  is  too  marginal  at 
present  to  be  of  practical  utility. 

з. 4.  InP  growth 

CCl 4  has  not  heretofore  been  studied  as  a 
doping  source  for  InP  grown  by  GSMBE.  When 

и. sed  in  OMVPE  in  the  temperature  range  of  580- 
630 °C.  CCI4  has  been  shown  to  fail  to  incorpo¬ 
rate  any  measurable  amount  of  carbon  [14].  In 
contrast,  the  data  for  InP  in  fig.  1  suggest  that  in 
GSMBE.  CCI4  incorporates  at  least  as  efficiently 
in  InP  grown  at  515°C  as  in  GaAs  grown  at 
600°C.  Even  with  [C]  =  1  x  10^"  cm  however, 
the  InP  epilayer  is  n-type  with  n  =  9  x  10”cm  ’ 


and  a  low  77  K  Hall  mobility  of  740  cm‘/V  •  s.  By 
comparison,  a  nommally  undoped  InP  epilayer 
grown  in  our  system  typically  has  a  measured  77 
K  mobility  of  2650  crrr/y  ■  s  at  an  electron  con¬ 
centration  of  3.2  x  lO'^cm"  '.  If  these  77  K  mobil¬ 
ities  are  primarily  determined  by  ionized  impurity 
scattering,  then  this  result  suggests  that  the  carbon 
is  self-compensating  in  InP  grown  by  GSMBE. 
The  closeness  of  the  compensation  might  be  an 
indication  of  a  C-C  pairing  mechanism,  although 
further  work  is  clearly  neces.sary  to  clarify  the 
behavior  of  carbon  in  epitaxial  InP.  This  work  has 
demonstrated,  though,  that  the  use  of  CCl  4  in 
GSMBE  is  the  only  available  epitaxial  technique 
for  incorporating  a  substantial  carbon  concentra¬ 
tion  in  InP.  which  should  facilitate  future  studies 
of  carbon  electrical  activity  in  InP. 


4.  Conclusions 

CCI4  and  CHCl,  have  been  demonstrated  to 
be  useful  p-type  dopant  sources  for  carbon  doping 
of  GaAs  and  GaP  grown  by  GSMBE.  At  com¬ 
parable  dopant  flow  rates.  CCl  4  is  about  15  times 
more  efficient  as  a  carbon  doping  source  for  GaAs 
than  CHCl  V  In  comparison  with  TMG.  CCl 4  and 
CHCl ,  result  in  carbon  doping  that  is  le.ss  sensi¬ 
tive  to  variation  in  substrate  temperature  and 
V/Ill  ratio,  and  in  addition  allow  for  control  of 
the  carbon  doping  level  independent  of  growth 
rate.  For  doping  in  excess  of  2  X  10'"  cm"  \  TMG 
must  still  be  used,  but  for  doping  around  1  X  10'" 
cm  '  at  high  growth  temperatures  (  >  550  °C)  and 
high  V/III  ratios  with  AsH,.  CCI4  can  be  used  to 
obtain  substantially  higher  carbon  doping  than  is 
possible  with  TMG/AsH,  under  similar  growth 
conditions. 

The  CCl  4  doping  results  in  GaAs  extend  read¬ 
ily  to  GaP.  with  1  X  10'"  cm  *  doping  achievable 
using  elemental  Ga  and  cracked  PH,.  In 
Ga,|,|In„44P  and  InP.  how'ever.  CCI4  does  not 
result  in  high  levels  of  p-type  conductivity,  in  .spite 
of  extremely  high  levels  of  incorporated  atomic- 
carbon.  The  exact  cause  of  the  poor  electrical 
activity  of  carbon  in  these  In-containing  com¬ 
pounds  is  currently  not  understood. 
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In-situ  selective-area  epitaxy  of  GaAs  using  a  GaAs  oxide  layer 
as  a  mask 

Y.  Hiratani.  Ohki.  Y.  Sugimoto  and  K.  Akita 

()pit‘clt\trimu  ‘i  Rcyeanh  lAih>riiton .  5-5  TnhktHitii.  r.\ukuhd,  Ihiiraki  Japan 


epitaw  of  (iaA.s  pcrforniod  bv  iii .talt>rganic  molecular  beam  epilax)  using  a  (raAs  rrxitic  mask.  No  deposition 
of  poUersstalline  Cla.As  was  rrbsened  on  a  (laAs  rrxide  mask  after  the  seleetise-area  epiiaxv  using  a  trimethvlgallium  tTMC'o  and  ,Asj 
as  source  materials.  .An  obsersation  of  the  deerrmposilKm  of  TVKi  indicated  that  it  occurred  abiwe  on  an  o\ide-free  surface  of 

(ia.As,  while  decomposition  did  not  occur  belovs  sfittX'  rrn  a  (la.As  oxide  surface,  this  surface-eataK/.ed  decomposition  of  TMCi 
explains  the  scleelivitx  of  (ia.As  growth. 


I.  Introduction 

The  sclecii\c-area  cpitaxx  of  a  III-V  com¬ 
pound  semiconductor  is  one  of  titc  promising 
techniques  for  the  fabrication  of  devices  with  new 
structures,  such  as  quantum  wires  or  quantum 
boxes.  In  conventional  selective-area  epitaxy,  the 
surface  of  the  wafer  was  often  contaminated  by 
air  exposure.  It  is  well  known  that  crmtamination 
of  the  surface  and  interface  degrades  the  char¬ 
acteristics  of  the  devices,  fhen.  there  has  been 
incrcMsing  interest  concerning  in-situ  seleciixc-arca 
cpitaxx  aimed  at  eliminating  contamination  of  ti 
wafer  surface.  Here,  ‘'in-situ'  means  that  all  of 
the  required  processes  are  performed  continuously 
in  an  ultra-high  vacuum  (L'HV)  or  in  a  high-pur- 
itx  gas  without  exposing  the  wafer  to  air. 

To  realize  in-situ  selective-area  epitaxv.  the  fol¬ 
lowing  processes  have  to  be  carried  out  without 
exposing  the  wafer  to  air.  They  are  (i)  the  forma¬ 
tion  of  a  mask  layer,  (ii)  patterning  of  the  mask 
and  fiii)  removal  of  any  residual  mask  for  over¬ 
growth.  In  conventional  selective-area  epitaxy  of 
(iaAs.  a  thin  film  of  SiO,  (1|  or  SiN,  [2|  is  widely 
used  as  the  mask.  However,  those  mask  materials 
do  not  meet  the  conditions  of  (ii)  patterning  and 
(iii)  removal  of  those  material  without  exposing 
the  w.  er  to  air. 


Regarding  the  patterning  and  the  removal  of  a 
mask.  GuAs  oxide  is  one  of  the  promising  mask 
materials.  Since  the  GaAs  oxide  laver  can  he 
patterned  using  an  electron-beam-assisted  chlorine 
etching  (FB  etching)  technique  the  Ga.As  oxide 
layer  can  be  lemoved  by  heating  a  xvafer  under  an 
arsenic  flux  |4]. 

There  htive  been  several  reports  |5.6)  on  selec¬ 
tive-area  epitaxy  combining  a  Ga.As  oxide  mask 
with  molecular  beam  epitaxy  (MBH)  [5]  or  an 
atmxxspheric  metalorganic  chemical  vapor  deposi- 
lion  (M(X'VD)  (6]  method.  In  ’hose  studies,  poly- 
crystalline  GaAs  was  deposited  on  the  GaAs  oxide 
laver.  Since  the  deposited  polycrystalline  Cja.Xs 
prevents  the  removal  of  the  GaAs  oxide  layer,  the 
deposition  must  be  suppressed.  On  the  other  hand, 
mx  deptxsition  xxf  polycrystalline  GaAs  cxn  the  SiO- 
mask  was  reported  [IJ  using  metal  organic  molecu¬ 
lar  beam  epitaxy  (MOMBK).  Therefore,  a  combi¬ 
nation  xxf  GaAs  oxide  mask  and  the  MOMBE 
method  is  expected  to  be  helpful  for  the  in-situ 
selective-area  epitaxy  of  Ga.As. 

In  this  paper,  we  report  on  selective-area  epi¬ 
taxy  of  CiaAs  combining  MOMBE  and  a  GaAs 
oxide  mask.  In  terms  of  the  results  of  mass  spee- 
trometric  measurements  on  the  decomposition  of 
the  source  material,  the  mechanism  of  the  selective 
area  epitaxy  is  discussed. 
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2.  Experimental  apparatus 

A  MOMBE  system  [7]  and  an  EB  etching  sys¬ 
tem  [3]  were  used  for  this  experiment.  The  forma¬ 
tion  of  a  GaAs  oxide  layer  and  the  growth  of 
GaAs  were  carried  out  using  the  MOMBE  system 
modified  by  adding  an  oxygen-supply  line  and  a 
halogen-lamp  unit.  The  patterning  of  the  GaAs 
oxide  layer  was  performed  in  the  EB  etching  sys¬ 
tem. 

To  study  the  mechanism  of  selective-area  epi- 
ia\\.  an  apertured.  crvoshrouded  quadrupole  ma.ss 
spectrometer  [7]  (QMS)  and  reflection  high-energy 
electron  diffraction  (RHEED),  attached  the 
MOMBE  system,  were  used. 

.3.  Results  and  discussion 

/  I II -SI III  sckriive-area  epini.xy  of  (in As 

An  n-t\pe  (100)  GaAs  wafer  was  u.sed  as  the 
substrates.  The  wafer  was  cleaned  at  600-6.30”G 
under  an  arsenic  (  Asj)  flux  in  the  MOMBE  sys¬ 
tem.  Then,  a  (ia.As  oxide  layer  vxas  ('(.irmed  on  the 
wafer  by  light  irradiation  from  a  halogen  lamp 
under  oxvgen  atmosphere.  The  (nidation  condi¬ 
tions  were  fixed  as  follows:  the  oxygen  pre.ssure 
was  1  s;  10'  Pa.  the  oxidation  time  was  15  min 
and  the  power  density  of  the  light  was  2.0  W/cnr 
at  the  surface  of  the  substrate  The  thickness  of 


f  ig  1  Surface  morpholog\  and  crosN-NCctional  profile  of  the 
graph  of  the  selectively  grown  (iaAs  layer.  The  rectangulai 

C  r<3ss*sectional  profili 


the  formed  oxide  layer  was  about  3  nm  (measured 
using  ellipsometry). 

The  wafer  was  then  removed  from  the  MOMBE 
system,  and  was  loaded  into  the  EB  etching  sys¬ 
tem.  A  rectangular  window  (20  x  300  /im’)  was 
opened  on  the  GaAs  oxide  layer  by  scanning  a  10 
keV  electron  beam  under  Cl,  flux.  The  etching 
conditions  were  as  follows:  the  substrate  tempera¬ 
ture  was  70°C,  the  electron  dose  was  3.8  x  lO"’ 
electrons/cm'  and  the  Cl,  flux  density  was  7  x 
lO'^  molecules/cm'  •  s. 

The  patterned  wafer  was  transferred  from  the 
EB  etching  system  to  the  MOMBE  system  (within 
2  min).  Selective-area  griswth  of  GaAs  was  carried 
out  at  450°C  by  simultaneous  (or  alternating) 
source  supply  mode.  Trimethylgallium  (TMG)  and 
.Asj  were  used  as  source  materials.  The  beam 
equivalent  pressures  of  TMG  and  Asj  were  4  x 
10  ''  and  1x10  Pa.  respectively. 

Fig.  la  shows  a  Nomarski  microphotograph  of 
the  wafer  surface  after  selective-area  epitaxy  per¬ 
formed  by  alternating  the  source  supply  mode. 
The  supplv  duration  of  TMG  and  Asj  were  50 
and  .30  s.  respectively.  The  sequence  for  the  source 
supply  was  repeated  270  times.  The  rectangular 
area  corresponds  to  the  window  of  the  GaAs 
(i.xide  layer.  No  deposition  of  polycrystalline  GaAs 
was  observed  on  the  oxide  layer.  Fig,  lb  shows  a 
cross  sectional  pnvfile  I'f  the  wafer  shown  in  fig, 
la.  It  was  measuied  using  a  stylus  profilometer. 


afer  after  seloetivc-area  cpilaw  i3|  (ia.Ab.  (a)  Nomarski  microphoio- 
area  corresponds  to  the  wnulovv  of  the  CiaAs  oxide  laver.  (h) 
;  of  the  wafer  shi»wn  in  (a). 
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The  measured  thickness  of  the  selectively  grown 
GaAs  layer  was  about  30  nm. 

The  same  selectivity  of  GaAs  growth  was  ob¬ 
served  in  selective-area  epitaxy  performed  by  a 
simultaneous  source  supply  mode. 

The  results  of  this  experiment  concerning  selec¬ 
tive-area  epitaxy  demonstrate  the  possibility  of  an 
in-situ  process  from  the  formation  of  a  mask  film 
to  overgrowth,  followed  by  .selective-area  epitaxy. 

.'  3.  Mirhanism  of  selective-area  epitaxy  of  GaAs 

The  mechanism  of  the  selective-area  epitaxy  of 
Ga.As  was  studied  by  measuring  the  desorbed 
species  under  a  TMG  (or  TMG  -i-  As^)  flux  using 
mass  spectrometry.  The  study  was  carried  out  on 
two  types  of  surfaces:  one  was  the  surface  of  a 
CiaAs  oxide  layer  and  the  other  was  a  (2x4) 
reconstructed  surface  which  simulated  the  window 
of  the  mask.  .4  GaAi  oxide  layer  was  formed  on  a 
(100)  Ga.As  wafer  (5  cm  in  diameter)  under  the 
same  conditions  as  the  mask  formation  for  the 
selective-area  epitaxy.  The  (2x4)  recxmstructed 
surface  was  prepared  by  heating  the  substrate  at 
600  -630°C  under  an  Asj  flux. 

L  nder  a  TMG  (or  TMG  +  Asj)  llux.  the  sub¬ 
strate  was  heated  from  150  to  550“C  at  a  rate  of 
10°C,  min.  The  intensity  of  Ga  '  and  dimethyl- 
gallium  (DMG'  )  was  measured  as  a  function  of 
substrate  temperature  using  an  apertured. 


200  400  600 

SUBSTRATE  TEMPERATURE  (  C) 


cryoshrouded  QMS.  The  flux  densities  of  TMG 
and  Asj  were  fixed  at  4  x  10  and  1  x  10  Pa. 
respectively. 

The  temperature  dependence  of  the  signal  in¬ 
tensity  of  Ga^  and  intensity  ratio  of  DMG  ’ /Ga  ' 
are  shown  in  fig.  2.  When  TMG  was  supplied  to 
the  (2  X  4)  reconstructed  surface  (fig.  2a).  the  ratio 
of  DMG '/Ga  "  was  independent  of  the  substrate 
temperature  up  to  350°C.  and  the  RHEED  pat¬ 
tern  showed  the  structure  of  (2  x  4).  Above  35()°C’. 
the  intensity  of  Ga  '  decreased  as  the  temperature 
increa.sed.  The  ratio  of  DMG  /Ga'  changed 
above  35()°C'.  The  variation  of  Ga  '  and  DMG 
Ga'  indicates  that  the  partially  decomposed 
.species  de.sorbed  from  the  substrate.  When  the 
changes  of  Ga  and  DMG/Ga'  were  observed, 
the  RHEED  pattern  also  changed  from  (2  X  4)  U' 
(1  X  2).  Under  an  UHV  atmosphere,  the  (2  x4) 
reconstructed  surface  was  maintained  up  to  5()0“C' 
in  the  separate  experiment.  Thus,  the  change  in 
the  RHEED  pattern  suggests  that  the  adsorption 
of  a  gallium-containing  species  occurred  on  the 
(2x4)  reconstructed  surface  above  35()°C’. 

When  TMG  was  supplied  to  the  surface  of  the 
Ga.As  oxide  layer  (fig.  2b).  the  ratio  DMG  '  'Ga  ' 
was  independent  of  the  substrate  temperature  be¬ 
low  55()'’C.  The  intensity  ratii'  showed  goi'd  agree¬ 
ment  with  that  observed  in  the  (2x4)  recon¬ 
structed  surface  beUnv  35()“C.  A  steep  decrease  of 


200  400  600 

SUBSTRATE  TEMPERATURE  (  C) 


t  ig  2  Viin.iiion  of  QMS  signal  (the  (ia  ’  tnlensiiv  and  I>M(;  '/Cia  '  inlcnsuv  ratii>)  versus  leinperauire  during  healing  the  substrate 
.11  .1  rale  of  lit'’  (  min  under  TMf  i  lluv  (at  on  a  CiaAs  substrate  with  a  (2 's  4)  reeonsirueled  surface;  (h)  on  the  C  ia  As  ovide  laser 
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intensity  in  the  Ga"  was  not  observed  within  the 
measured  temperature  range.  The  RHEED  pat¬ 
tern  showed  a  halo  pattern  in  the  temperature 
range  from  150  to  550  °C.  This  means  that  most 
of  the  TMG  molecules  were  reflected  from  the 
GaAs  oxide  layer  without  any  adsorption  or  de¬ 
composition  below  550  °C. 

When  TMG  and  .As^  were  supplied  simulta¬ 
neously  to  the  GaAs  oxide  layer,  the  Ga '  inten¬ 
sity.  the  ratio  DMG'/Ga*.  and  the  RHEED  pat¬ 
tern  were  similar  to  the  case  of  an  experiment 
under  TMG  flux  only.  This  means  that  the  decom¬ 
position  of  TMG  did  not  occur  on  the  GaAs  oxide 
layer  under  an  .^Sj  flux. 

The.se  experimental  results  show  that  the  de¬ 
composition  of  TMG  did  not  occur  on  the  GaAs 
oxide  layer  below  550°C.  even  under  an  .AS4  flux. 
On  the  other  hand,  the  decomposition  occurred  on 
the  oxide-free  surface  of  Ga.As  above  350°C.  Thus, 
the  oxide-free  surface  (such  as  the  (2  x  4)  recon¬ 
structed  surface)  of  GaAs  acted  as  a  catalyst  for 
the  decomposition  of  TMG.  The  surface-catalyzed 
decomposition  of  TMG  explains  the  mechanism 
for  the  selective-area  epitaxy  of  GaAs  at  450°C. 

4.  Summary 

The  po.ssibility  of  in-situ  selecti\e-area  epitaxy 
was  demonstrated  by  combining  a  Ga.As  oxide 
mask  and  the  MOMBE  method.  GaAs  was  grown 
selectively  on  the  window  of  a  GaAs  oxide  mask 
without  any  deposition  of  polycrystalline  GaAs  on 
the  Ga.As  oxide  layer.  Mass  spectrometric  mea¬ 
surements  <if  the  decomposition  of  TMG  r)n  the 


substrate  surface  revealed  that  TMG  molecules 
were  reflected  from  the  GaAs  oxide  surface 
without  any  decomposition  below  550°C.  On  the 
other  hand,  the  decompo.sition  of  TMG  w'as  ob¬ 
served  above  350°C  on  a  GaAs  surface.  The 
surface-catalyzed  decomposition  of  TMG  can  ex¬ 
plain  the  mechanism  of  the  selective  area  epitaxy 
of  GaAs.  The  combination  of  a  GaAs  oxide  mask. 
MOMBE  and  EB  etching  [3]  will  provide  a  con¬ 
tinuous  process  of  crystal  growth  and  selective 
etching  under  UHV  conditions. 
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The  roles  of  aluminum  and  hydrogen  in  impurity  contamination 
of  AlGaAs  grown  by  MOMBE 

C. R.  Abernathy.  S.J.  Pearton 

-iT’tS  T’  Bell  iMhoratunes,  Murray  Hill.  \e\\  Jerwy  USA 

D. A.  Bohling  and  G.T.  Muhr 

Air  PniJmt.s  ami  Chenutals.  hu.,  Alleniami,  PennsYlrania  iSA 

Wo  ha\e  investigaied  the  elfeet  of  Al  in  the  form  of  tnethylaluniinum  (THAI).  Irimcthylamine  alane  (TMAAI).  or  elemental  Al. 
ami  hydrogen,  bonded  to  (jroup  III  or  Group  preeursors.  on  the  oxygen  and  earbon  concentrationx  of  AlGaAs  grown  by 
meialorganie  molecular  beam  epitaxy  iMOMBK).  Al  wa,s  found  to  increase  both  the  oxygen  and  carbon  incorporation  rates  relative 
to  GaAs.  The  primary  source  of  the  oxygen  has  been  determined  to  be  alkoxide  contamination  of  the  alkyl  Group  III  sources. 
.SimilarK.  the  carbon  contamination  is  due  to  carbon  released  from  the  decomposition  of  the  alkyl  Ga  sources.  For  films  grown  with 
ThGa.  this  enhancement  of  the  carbon  uptake  can  he  suppres.sed  through  the  use  of  TMAAI  which  releases  attimic  hydrogen  at  the 
growth  surface.  Hydrogen  does  not  appear  to  remove  carbon  generated  from  methyl  radicals,  as  AIGa.As  grown  from  TMGa  exhibits 
hole  concentrations  ■■  l(l''*cm  '.  regardless  of  .Al  source,  which  increase  with  increasing  .AsH,  /As.  ratio.  We  have  afso  determined 
that  increasing  the  AsH,  As.  ratio  does  not  improve  the  crystallinity  of  the  AIGa.As  layers  as  determined  hs  ion  channelling 
analysis. 

1.  Introduction  contain.s  three  Al  H  bond.s.  While  the  uncracked 

A.sH ,  would  he  e.vpected  to  produce  only  small 
While  previous  reports  have  demonstrated  the  quantities  of  hydrogen  at  the  growth  surface,  due 

sensitivity  of  TtlGa  decomposition  to  elemental  to  poor  cracking  efficiencies  at  the  growth  temper- 

.A1  [1|  and  the  dramatic  increase  in  carbon  con-  ature.  TMAAI  should  produce  significant  surface 

centration  which  occurs  during  growth  of  AlGaAs  concentrations  of  hvdrogen.  Thus,  it  is  possible  to 

bv  MOMBH  [2.3].  little  information  has  been  determine  what  effect,  if  any.  these  components 

available  regarding  the  roles  of  Al  and  hydrogen  have  on  the  growth  of  AlGaAs. 

in  the  growth  process.  We  have  examined  the 
effect  of  these  elements  on  the  oxygen  and  carbon 
inct'rporation  in  AlGaAs  by  comparing  various 

(ia.  Al.  and  As  precursors,  and  by  varying  the  Experimental  procedure 

temperature  of  the  AsH,  cracker.  Three  different 

Al  sources,  elemental  Al.  triethylaluminum  (TEAl).  The  samples  were  grown  in  a  Varian  Gas  Source 

and  trimethylamine  alane  (TMAAI)  have  been  Gen  II  on  2  inch  diameter  GaAs  substrates  which 

used,  as  have  two  different  Ga  sources,  triethylgal-  received  no  treatment  prior  to  growth.  The  TEGa 

lium  (TEGa)  and  trimethyigallium  (TMGa).  so  flux  was  adjusted  to  give  a  GaAs  growth  rate  of 

that  the  effect  of  the  Al  can  be  separated  from  0.22  ML/s  at  500 °C  under  an  AsH,  flow  of  5 

that  of  the  hydrocarbon  side  groups.  SCCM.  The  TMGa  flux  was  .set  to  give  the  .same 

Hydrogen  has  been  introduced  via  the  Group  V  growth  rate  under  the  same  conditions.  The  TEAl 
specie.s.  i.e.  by  using  partially  cracked  AsH,.  and  flux  was  fixed  at  a  rate  which  yielded  an  AlAs 

via  the  Group  111  species  by  using  TMAAI  which  growth  rate  of  0.26  ML/s.  while  the  TMAAI  flux 
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was  fixed  at  a  rate  of  0.24  ML/s.  AlGaAs  layers 
were  grown  using  the  same  Al  and  Ga  fluxes  as 
the  binaries.  Samples  were  grown  from  TEAl  first. 
Then  the  TEAl  bubbler  was  replaced  with  a  bub¬ 
bler  of  TMAAl.  No  other  changes  were  intro¬ 
duced  into  the  gas  handling  system.  The  TMGa 
was  transported  by  a  He  carrier  gas  while  the 
other  Ga  and  Al  sources  were  transported  with 
hydrogen.  For  both  gaseous  Al  sources,  the  H, 
flow  rate  was  20  SCCM.  Some  layers  were  grown 
by  replacing  the  gaseous  Al  source  with  elemental 
.Al.  generated  from  a  conventional  effusion  oven, 
while  some  samples  were  grown  by  a  similar  re¬ 
placement  of  the  ga,seous  Ga  source  with  elemen¬ 
tal  Ga.  The  .Al  and  Ga  fluxes  were  set  to  give 
approximately  the  same  Al  content  as  the  films 
grown  with  only  ga.seous  Group  III  .sources.  The 
AsH ,  was  cracked  in  a  Varian  low  pressure  cracker 
whose  temperature  was  varied  from  950  to 
1100° C.  For  layers  grown  with  Asj.  the  pre.ssure 
of  the  .Asj  beam  was  2  x  10  '  Torr  as  measured 
by  the  beam  flux  gauge.  Prior  to  deposition  of  the 
AlGaAs.  1000  .A  GaAs  buffer  layers  were  grown 
at  500  °C  under  5  SCCM  of  AsH,  at  a  rate  of  1.2 
fim/h. 

For  samples  grown  with  TMGa.  carbon  levels 
were  determined  from  Hall  measurements.  For 
those  grown  with  TEGa,  the  carbon  and  oxygen 
concentrations  were  determined  by  SIMS  using  a 
Cameca  IMS  .^f  system  with  a  Cs '  beam.  The 
carbon  and  oxygen  concentrations  were  de¬ 
termined  by  comparison  with  ion  implanted 
standards.  The  thickness  and  AlAs  mole  fraction 
of  the  .AIGa.As  films  were  determined  from 
Rutherford  backscattering  analysis  using  2.120 
MeV  He '  ions.  The  Al  mole  fraction  is  de¬ 
termined  within  ±0.02.  Ion  channeling  analysis 
was  used  to  evaluate  the  crystalline  quality  of 
these  films.  In  particular,  the  data  were  u.sed  t<i 
determine  the  minimum  backscattering  yield 
IXm,„).  defined  as  the  ratio  of  the  near-surface 
backscattering  count  rate  measured  in  a  channeled 
configuration  to  that  measured  in  a  random  or 
non-channelled  direction.  High-quality,  single 
crystal  films  have  Xmm  values  of  3%  4^c.  as  this  is 
the  minimum  ratio  which  can  be  accurately  de¬ 
tected.  Xmm  values  above  this  ba.seline  are  meas¬ 
ured  within  an  accuracy  of  ±0.5'?. 


3.  Results  and  discussion 

Previous  work  has  shown  that  replacing  TEAl 
with  TMAAl  leads  to  a  significant  reduction  in 
oxygen  in  AlGaAs  grown  by  MOMBE  due  to  the 
elimination  of  volatile  A1~0-C  species  pre.sent  in 
commercially  available  TEAl  [4],  This  reduction  is 
reflected  in  the  data  of  table  1.  which  shows  a 
decrease  of  -  80  X  in  oxygen  when  TMAAl  is 
used  instead  of  TEAl.  However,  the  residual 
oxygen  concentration  is  still  -  10  100  X  higher 
than  the  background  normally  seen  in  material 
grown  by  conventional  MBE.  Replacement  of  the 
TMAAl  w'ith  element  Al  also  shows  .severe  oxygen 
contamination  at  7  X  10"' cm  '.  This  suggests  that 
the  oxygen  concentration  is  due  to  contamination 
of  the  TEGa  source  with  Ga  alkoxides.  which  are 
similar  in  nature  to  the  Al  alkoxides  discussed 
previously.  Confirmation  of  this  can  be  seen  in  the 
material  grown  with  elemental  Ga  which  shows  an 
oxygen  background.  2  x  10’'  cm  '.  similar  to 
levels  obsersed  in  material  grown  by  ctmventional 
MBE.  Clearly,  the  Al  at  the  growth  surface  getters 
oxygen  from  the  impurities  present  in  the  TEGa. 
as  GaAs  grown  under  the  same  camditions  does 

1  able  1 

Owgen  and  carht>n  conccniraliGHb  as  doicrmincd  h\  SIMS 
anaKMs  in  AK»aAs  gruwn  fri'in  various  (iroup  Ilf  and  (iroup 
V  sources,  all  xaniples  are  grovvn  al  f>(K)*C'  unless  t>iherssise 
indicated 
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not  show  oxygen  beyond  the  detection  limit  of 
SIMS.  This  interaction  may  also  explain  the  re¬ 
duction  in  oxygen  with  growth  temperature  in 
material  grown  with  TMAAl  and  TEGa.  In  con¬ 
ventional  MBE,  decreasing  growth  temperature 
tends  to  increase  the  oxygen  uptake  due  to  re¬ 
duced  desorption  of  oxygen  containing  species 
from  the  growth  surface.  In  contrast,  lower  growth 
temperatures  in  MOMBE  appear  to  reduce  the 
oxygen  level,  possibly  due  to  a  reduced  interaction 
between  the  adsorbed  Al  and  Ga-O-C  species  at 
the  lower  temperature. 

Al  also  produces  a  dramatic  increase  in  carbon 
concentration.  GaAs  grown  with  TEGa  typically 
does  not  show  carbon  beyond  the  detection  limit 
of  SIMS.  As  shown  in  table  1,  AIGaAs  grown 
from  TEAl  and  TEGa  shows  carbon  at  least  two 
orders  of  magnitude  higher.  Much  of  the  carbon 
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f  ig.  1.  C  arbon  concentration  versus  hydride  cracker  tempera¬ 
ture  for  Oa.As  and  AlGaA.s  grown  at  500  °(‘  from  variou.s  CJa 
and  Al  precursors. 


in  these  samples  is  due  to  incomplete  cleavage  of 
the  Al-C  bond  in  the  parent  molecule.  However, 
even  when  elemental  Al  is  used,  the  carbon  con¬ 
tamination  is  significantly  higher  than  in  GaAs 
[3].  It  appears  that  Al  getters  carbon  from  the 
TEGa,  possibly  through  the  transfer  of  ethyl  or 
methyl  groups  from  the  adsorbed  Ga  species  to 
the  adsorbed  Al  [3,5.6].  TMAAl  suppresses  the 
uptake  of  carbon  even  further,  yielding  carbon 
levels  at  the  background  of  SIMS.  This  reduction 
is  probably  due  in  part  to  removal  of  ethyl  species 
from  the  surface  by  the  atomic  hydrogen  gener¬ 
ated  from  decomposition  of  the  TMAAl.  How¬ 
ever,  the  carbon  background  does  depend  some¬ 
what  on  impurities  in  the  TEGa,  as  purging  of  the 
TEGa  bubbler  prior  to  growth  is  often  necessary 
to  produce  the  lowest  carbon  levels. 

The  impurity  in  the  TEGa  responsible  for  the 
carbon  uptake  may  involve  (CHi),Ga  species.  Fig. 
1  shows  the  dramatic  increase  in  carbon  in  AI¬ 
GaAs  grown  with  TMGa  relative  to  GaAs  grown 
with  the  same  flux.  Clearly,  the  hydrogen  attached 
to  the  TMAAl  is  not  effective  in  removing  methyl 
groups  from  the  surface.  Thus,  any  contamination 
of  the  TEGa  bubbler  with  (CHO.Cia  would  lead 
to  an  increase  in  the  carbon  concentration.  Since 
the  pressure  of  TMGa  is  greater  than  that  of 
TEGa.  purging  would  remose  the  TMGa  or  other 
(CH,),Ga  species  at  a  much  faster  rate  than  the 
TEGa,  leaving  a  cleaner  source  and  hence  cleaner 
AIGaAs. 

As  with  hydrogen  generated  from  the  TMAAl. 
hydrogen  introduced  via  the  Group  V  source  does 
not  appear  to  remove  methyl  groups  from  the 
surface  since  films  grown  with  TMGa  show  a 
decrease  in  carbon  with  increasing  cracker  temper¬ 
ature  (fig.  1).  Previous  work  has  shown  that  the 
ratio  of  AsH^  to  As,  can  be  decrea.sed  signifi¬ 
cantly  by  increasing  the  temperature  of  the  hy¬ 
dride  cracker  from  950  to  1100°C  [7].  Since  more 
of  the  AsH,  species  are  converted  to  As,,  the 
V/IIl  ratio  is  increa.sed  at  higher  cracker  tempera¬ 
tures  while  the  AsH,/As,  ratio  is  decreased.  Thus 
a  reduction  in  carbon  with  increasing  cracker  tem¬ 
perature  is  in  agreement  with  previous  reports 
which  have  shown  the  carbon  level  to  be  strongly 
dependent  on  V/111  ratio  in  films  grown  with 
TMGa  [8  10). 
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The  effect  of  hydrogen  on  removal  of  ethyl 
groups  can  also  be  inferred  from  the  lack  of 
variation  of  carbon  with  cracker  temperature  for 
AlGaAs  grown  with  TEGa.  Houng  and  co-workers 
[2,3]  have  shown  that  carbon  levels  decrease  with 
increasing  V/III  ratio  in  AlGaAs  grown  with  THAI 
and  TEGa.  Since  this  decrease  does  not  occur  with 
increasing  cracker  temperature,  even  though  the 
V/III  ratio  is  increasing,  one  might  suggest  that 
the  effect  of  increasing  the  As,  flu.\  is  being  offset 
by  the  reduction  in  the  AsH ,  concentration  at  the 
growth  surface.  This  is  consistent  with  the  previ¬ 
ous  discussion  regarding  the  hydrogen  generated 
by  the  dissociation  of  the  TMAAl,  and  with  the 
data  of  table  1.  where  replacement  of  AsH,  with 
.As,  produces  a  significant  increase  in  the  carbon 
concentration  in  films  grown  with  TEAI  but  has 
no  effect  in  films  grown  with  TMAAl.  In  contrast, 
the  AsH,  does  not  appear  to  remove  oxygen  from 
the  growth  front,  as  As,  and  cracked  AsH,  yield 
similar  oxygen  levels  for  any  given  combination  of 
sources. 

Finally,  it  is  necessary  to  examine  what  role  the 
composition  of  the  Group  V  beam  plays  in  the 
issue  of  crystallinity.  From  fig.  2.  it  is  apparent 
that  increasing  the  cracker  temperature  generally 
improves  the  crystallinity.  Again,  these  results  are 
consistent  with  previous  work  which  has  shown 

25  ■  •  TEGo  +  TEii  ; 


°  950  1025  1100 

HYORIOE  CRACKER  TEMPERATURE  CC) 

Fig.  2.  Xmm  versus  hydride  cracker  temperature  for  AlGaAs 
grown  at  500  ”  C  from  various  Ga  and  Al  precursors. 


that  higher  V/III  ratios  tend  to  improve  the  crys¬ 
tallinity  [4].  Further,  we  have  found  that  Ain, 
Ga^^As  with  Xmm  =  can  be  grown  using 
TMAAl,  TEGa  and  As,  instead  of  AsH,.  Thus  it 
does  not  appear  that  AsH,  species  are  needed  to 
produce  high  quality  AlGaAs. 

In  conclusion,  we  have  found  that  Al  plays  a 
major  role  in  determining  both  the  oxygen  and 
carbon  concentrations  in  AlGaAs,  particularly 
when  gaseous  Ga  sources  are  used.  In  contrast, 
hydrogen  attached  to  either  Al  or  As  only  seems 
to  significantly  affect  the  growth  chemistry  when 
TEGa  is  used  as  the  Ga  source. 
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Chemical  beam  epitaxy  growth  of  GaAs/Ga 0511105?  heterostructures: 
growth  kinetics,  electrical  and  optical  properties 

J.C.  Garcia.  P.  Maurel.  P.  Bove,  J.P.  Hirtz 

iMhoratoire  Central  de  Rechenhes,  Thomson  ~CSF.  F-91404  Orsay  Cedex.  France 


and 

A.  Barski 

Instrument  Riher,  BP  \ll.  Ruetl  Cedex.  France 


We  report  the  growth  kinetics,  together  with  electrical  and  optical  properties  of  undoped  chemical  beam  epitaxy  GaAs/(jalnP 
structures  grown  using  triethylgallium  (TEGa),  trimethylindium  (TMIn).  arsine  and  phosphine  as  starting  materials  for  group  III  and 
group  V  elements.  L'ndoped  GaAs  layers  were  found  to  be  p-type.  independent  of  the  gallium-lt'-arsenic  ratio,  with  free  hole 
concentration  ranging  from  I  x  lO''  to  9  x  10''  cm  \  depending  on  the  growth  temperature.  L'ndoped  GaAs/  GalnP  heterojunctions 
exhibit  a  two-dimensional  electron  gas  with  7"  =  4  K  mobilities  ranging  from  20.000  to  25.000  cm"/  V  ■  s.  The  optical  characteristics  of 
(.ia.As  (ialnP  multiquantum  wells  as  a  function  of  growth  interruptions  at  the  interfaces  were  investigated  by  photoluminescence 
measurements.  The  growth  kinetics  of  GaAs  and  GalnP  were  studied  by  reflection  high  energy  electron  diffraction  (RHEED) 
oscillations.  The  composition  of  GalnP  was  found  to  be  controlled  mainly  by  the  growth  rate  dependence  of  the  binaries  (GaP,  InP) 
on  growth  parameters.  The  indium  composition  was  found  to  be  proportissnal  to  the  flux  of  TMln  at  a  fixed  TEGa  fltsw.  A  lattice 
matching  better  than  5  x  10  ■'  can  be  routinely  obtained.  However,  the  composition  exhibits  a  strong  dependence  on  temperature.  At 
temperatures  above  510°C'  indium  desorption  tveurs  and  the  composition  tends  toward  a  Cia-rich  phase,  while  belov,  510°C'.  the 
indium  composition  is  enhanced  by  the  decrea.se  of  the  binary  GaP  growth  rate.  The  PH ,  flow  also  affects  significantly  the  ternary 
growth  rate,  mainly  through  indium  incorporation  mvxlification.  At  low  PH,  flow  (1-5  S('C  M).  the  indium  concentration  decreases. 
This  fact  IS  attributed  to  the  preferential  Ga-P  compared  to  In-P  bond  formation. 


I.  Introduction 

In  the  pa.st  few  years,  chemical  beam  epitaxy 
(C'BE)  ha.s  emerged  a.s  a  promising  epitaxial  tech¬ 
nique  which  combines  the  respective  advantages 
of  both  MBE  and  MOCVD.  Indeed,  high  quality 
C'BE  growth  of  a  wide  range  of  III-V  materials 
has  already  been  demonstrated  [1.2].  in  particular 
for  phosphorus-based  alloys.  GalnP  lattice- 
matched  to  GaAs.  for  example,  is  a  very  prom¬ 
ising  alternative  to  GaAlAs  as  a  wide  band  gap 
barrier  to  GaAs  in  heterojunction  devices,  since 
Ga/\l.-\s  suffers  from  various  disadvantages.  As  an 
example,  aluminium  acts  as  a  very  efficient  getter 
of  both  oxygen  and  carbon  impurities.  Therefore, 
the  growth  of  high  quality  GaA.s/GaAlAs  struc¬ 


tures  requires  extremely  rigorous  experimental 
growth  procedures  and  very  low  reactor  impurities 
levels.  In  contrast,  this  does  not  tx'cur  for  GalnP 
growth.  Furthermore.  GalnP  lattice  matched  to 
GaAs  has  been  reported  to  exhibit  low  deep  level 
concentrations  [4), 

Little  work  has  been  done  on  the  molecular 
beam  epitaxy  (MBE)  growth  of  these  structures, 
due  to  the  operational  difficulties  associated  with 
the  handling  and  control  of  MBE  pho.sphorus 
.sources  and  also  to  the  limited  material  quality 
achievable,  which  is  mainly  limited  by  the  purity 
of  phosphorus  charges  available  [3].  On  the  other 
hand,  high  quality  GaAs/GalnP  heterostructures 
have  already  been  grown  successfully  by  metalor- 
ganic  chemical  vapour  deposition  (MOCVD)  (4). 
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but  specific  difficulties  have  been  encountered, 
such  as  good  homogeneity  over  large  area  sub¬ 
strates  or  problems  of  immiscibility  [5]. 

The  high  level  of  flux  control,  stability  and 
uniformity  available  with  CBE  coupled  with  its 
ability  to  produce  very  high  quality  phosphorus 
containing  materials  and  extremely  sharp  hetero¬ 
interfaces,  make  it  extremely  attractive  for  the 
Ga,In,  ,P  material  system.  However,  the  basic 
aspects  of  the  kinetics  involved  in  CBE  growth  of 
these  alloys  are  still  poorly  understood,  and  paral¬ 
lel  studies  of  growth  mechanisms  and  material 
properties  are  necessary. 

In  this  paper,  we  report  the  CBE  growth  and 
characterization  of  GaAs/GalnP  structures.  Ki¬ 
netics  aspects  as  well  as  optical  and  electrical 
properties  are  presented,  giving  an  overall  view  of 
the  CBE  growth  of  this  system. 

2.  Experimental 

Starting  gaseous  .sources  were  triethylgallium 
(TEGa).  trimethylindium  (TMIn).  pure  phosphine 
;  id  arsine.  The  details  of  the  CBE  growth  system 
have  been  described  elsewhere  [6|.  The  growth  rate 
of  both  GaP  and  InP  was  obtained  using  reflec¬ 
tion  high  energy  electron  diffraction  (RHEED) 
oscillations.  The  Gajn,  ,P  composition  was  de¬ 
termined  by  X-ray  diffraction  analy.si.s.  The  tem¬ 
perature  was  controlled  using  an  infrared  pyrome¬ 
ter  calibrated  with  the  melting  point  of  InSb 
(525  °C). 

2.1.  GaAs  hulk  layers 

GaAs  bulk  materials  grown  by  CBE  have  been 
extensively  studied  by  various  authors  [7.8].  GaAs 
layers  grown  in  the  5(X)-650°C  temperature  range 
showed  p-type  conductivity.  As  expected,  carbon 
was  the  main  acceptor.  The  hole  concentration 
increases  from  1  x  10''  to  9  x  lO"  cm  '  when  the 
temperature  is  increased  from  500  to  650  °  C.  The 
apparent  activation  energy  for  carbon  incorpora¬ 
tion  is  found  to  be  25  kcal/mol,  which  is  close  to 
the  value  reported  by  Benchimol  et  al.  [9].  Surpris¬ 
ingly.  no  significant  dependence  on  the  Ill/V 
ratio  has  been  observed,  as  has  been  previously 


FBEE  HOLE  DENSITY  (cm-l) 


Fig.  1.  .VK)  and  77  K  mohiUlies  of  C3aAs  bulk  layers  as  a 
function  of  free  hole  concentration. 

reported  by  different  authors  [8.10].  Fig.  1  sum¬ 
marizes  the  results  of  the  mobility  at  300  and  77  K 
as  a  function  of  hole  concentration.  Good  agree¬ 
ment  is  obtained  with  the  data  of  Chiu  et  al.  [7], 
which  have  been  reported  in  the  same  figure. 

RHEED  intensity  oscillation  investigations  of 
the  GaAs  growth  by  CBE  have  already  led  to 
valuable  information  on  the  understanding  of  the 
growth  mechanisms  involved  in  the  use  of 
organometallic  starting  .sources  [11].  Fig.  2  shows 
the  dependence  of  the  growth  rate  as  a  function  of 
both  arsine  and  hydrogen  flow.  As  previously 
reported  by  various  authors  [11,12],  the  growth 
rate  decreases  with  increasing  arsine  [1 1]  or  hydro¬ 
gen  [12]  flow.  Since  molecular  hydrogen  does  not 
adsorb  efficiently  on  the  GaAs  (001)  surface  [13], 
as  has  been  previously  shown,  it  seems  unlikely 
that  Hi  molecules  cause  such  effects.  Considering 
the  fact  that  GaAs  growth  using  uncracked  AsH, 
is  extremely  slow  or  even  impossible  [14],  one 
possibility  is  that  hydrogen  interacts  with  arsenic 
on  the  surface,  forming  thermodynamically  stable 
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HYDROGEN  OR  ARSINE  FLOW  (seem) 

Fig  2.  GaAs  growth  rate  as  a  function  of  arsine  (a)  and 
hsdrogen  (□)  flow  rates.  The  arsine  flow  rate  was  kept  at  5 
SCCM  when  hydrogen  was  introduced. 

chemisorbed  AsH„  molecules  [15],  which  block 
the  gallium  deposition  sites  and  consequently  in¬ 
duce  a  greater  TEGa  desorption. 

2.2.  Ga^ht,  hulk  material 

Fig.  .^a  shows  the  X-ray  double  diffraction  pat¬ 
tern  of  a  1  jam  thick  GalnP  layer  grown  at  520 °C. 


The  lattice  mismatch  is  about  4x  10  and  the 
crystalline  perfection  of  the  layer  is  comparable  to 
that  of  the  GaAs  .substrate,  with  a  full  width  at 
half  maximum  (FHWM)  value  of  15".  At  temper¬ 
atures  below  520  °C,  the  crystal  quality  is  drasti¬ 
cally  degraded,  leading  to  a  broad  diffraction  peak 
for  the  ternary  alloy.  Fig.  3b  shows  the  variation, 
at  a  constant  Hj/TEGa  flow  rate  kept  at  5  SCCM. 
of  the  indium  composition  as  a  function  of  the 
H,/TMIn  flow  rate.  The  indium  composition  is 
found  to  vary  linearly,  regardless  of  the  tempera¬ 
ture  used.  However,  the  composition  depends 
strongly  on  the  temperature.  This  contrasts  with 
the  GalnP  composition  behaviour  previously  re¬ 
ported  by  Ozasa  et  al.  [16].  who  observed  both 
constant  growth  rate  and  indium  composition  over 
a  large  temperature  range  (400-520  °C).  In  fact, 
these  authors  used  triethylindium  as  a  starting 
source  and  it  seems  likely  that  the  temperature 
behaviour  of  the  GalnP  growth  rate  differs  from 
that  using  TMln.  The  temperature  behaviour  we 
observed  can  be  explained  by  considering  the 
growth  rate  of  the  two  binaries  GaP  and  InP  [17]. 
The  growth  rate  of  GaP  increases  with  increasing 
temperature  and  reaches  a  maximum  near  550  °C. 
Beyond  this  temperature,  the  growth  rate  slightly 
decreases.  In  the  ca.se  of  InP.  a  constant  growth 
rate  is  observed  over  a  large  temperature  range 


GaAs 


Fig.  .t.  (a)  Double  X-ray  diffraction  pattern  of  a  bulk  GalnP  layer  grown  on  GaAs  substrate.  Growth  temperature  was  S20‘’C. 
(b)  Indium  composition  as  a  function  of  (TMln  -r  H2)  flow.  Temperature  is  taken  as  a  parameter. 
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PH3  FLOW  RATE  (seem) 

Kig,  4  /ndium  mole  fraclion  (Ol  in  (lalnP  and  expeeicd 
indium  composition  (■)  deduced  from  the  phosphine  flow  rale 
dependence  t^f  the  two  binaries  as  a  function  of  phosphine  flow 
rate.  Note  the  ^^rong  decrease  <>f  indium  composition  obtained 
ui  lo\^  phosphine  Hovs  rates. 


(420- 5 HI °C).  At  higher  temperatures,  the  InP 
growth  rate  decreases  significantly.  Therefore,  at 
temperatures  higher  than  510° C.  the  indium  in¬ 
corporation  in  GalnP  is  mainly  limited  by  the 
des<irption  of  the  indium  species,  while  at  lower 
temperatures  the  increase  in  the  indium  composi¬ 
tion  is  analogous  to  the  decrease  of  the  GaP 
binary  growth  rate.  More  detailed  results  of 
RHEF.D  intensity  oscillation  measurements  of  the 
growth  rate  of  the  two  binaries  will  be  reported 
elsewhere  [17). 

The  dependence  of  the  indium  comprisition  as 
a  function  of  the  phosphine  flow  is  shown  in  fig. 
4.  At  low  and  high  phosphine  flow  rate,  the  in¬ 
dium  composition  decreases.  At  high  phosphine 
flow  rates,  the  measured  indium  concentration 
agrees  well  with  that  deduced  from  the  pho.sphine 
flow  dependence  of  the  growth  rate  of  both  bi¬ 
naries  GaP  and  InP  [17].  the  InP  growth  rate 
being  reduced  more  significantly  than  the  GaP 
growth  rate  while  increasing  the  phosphine  flow. 
At  low  phosphine  flow  rates,  the  expected  indium 
mole  fraction,  deduced  from  the  binaries  growth 
rates  is  found  to  be  constant.  As  seen  in  fig.  4. 
experimental  results  indicate  that  indium  mole 
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fraction  decrea.ses  with  decreasing  phosphine  flow 
rates.  The  strong  enhancement  in  Ga  composition 
can  be  related  to  the  energy  difference  between 
the  Ga-P  and  In-P  bonds.  Since  it  has  been 
reported  that  the  GaP  bond  is  stronger  than  the 
InP  one  [5].  it  seems  reasonable  to  conclude  that 
at  low  phosphorus  coverage,  the  GaP  bonds  are 
preferently  formed,  thus  leading  to  a  desorption  of 
In  species. 

2.3.  GaAs /  GalnP  lietero.frruc  rure.s 

Hall  measurements  on  undoped  Ga.A.s/GaInP 
hetero.structures  revealed  the  existence  of  a  two-di¬ 
mensional  electron  gas  (2DEG)  with  the  following 
mobilities:  g(300  K)  =  3000-4000  cm"/V  •  s  and 
p(4  K)  =  20.000-26.000  emV^  ■  s  with  .\\  =  (2-4) 
X  10*'  cm  '.  The  two-dimensionality  of  the  elec¬ 
tron  gas  has  been  established  by  the  mobility 
plateau  obtained  at  low  temperature  measure¬ 
ments.  demonstrating  the  good  quality  of  the  in¬ 
terface.  Growth  interruption  at  the  interface  was 
necessary  in  order  to  obtain  such  2DEG. 

Multiquantum  well  (MQW)  structures  were 
grown  to  further  assess  the  quality  of  the  inter¬ 
faces.  The  GaAs  growth  rate  was  1  ^m/h.  while 
GalnP  growth  rate  was  fixed  to  1.5  gm/h.  Grow  th 
interruption  was  necessary  at  the  normal  GaAs/ 
GalnP  interface  in  order  to  obtain  rea.sonably 
grxrd  confinement  energies.  The  experimental  pro¬ 
cedure  is  the  following;  At  the  normal  interface, 
the  growth  of  GaAs  is  stopped  and  the  surface  is 
stabilized  under  pho.sphine  flow  for  15  s.  the 
RHEED  pattern  showing  a  well  defined  2x4 
reconstruction.  Finally.  GalnP  growth  is  initiated 
simply  by  switching  both  the  TEGa  and  TMln 
flows  from  the  vent  to  the  growth  chamber.  It 
.should  be  noted  that  for  higher  durations  of  ex¬ 
posure  of  the  GaAs  surface  to  a  phosphine  flow, 
the  surface  becomes  rough.  Similarly,  the  GalnP 
surface  also  becomes  rough  with  arsenic  exposure 
up  to  10  s.  It  stems  reasonable  to  suggest  that  for 
long  time  stabilization  under  phosphine  or  arsine, 
intermediates  GalnAsP  alloys  are  formed  at  the 
interfaces.  These  ob.servations  can  be  correlated 
with  the  w'ork  of  Lee  et  al.  [18].  who  have  to 
include  intermediate  GaP  and  GalnAsP  layers  at 
the  GaAs/GalnP  and  GalnP/GaAs  interfaces. 
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CBE  GaAs  /  GalnP  MOW 


Quantum  well  width  (A) 


Fig.  5,  (a)  temperature  phoioluminescence  of  a  typical  GaAs/GalnP  MQV  structure,  (h)  both  theoretical  and  experimental 

optical  confinements  of  GaAs/GalnP  quantum  v-ells. 


respectively,  in  order  to  fit  the  double  crystal 
X-ray  diffraction  spectrum  of  a  superlattice  struc¬ 
ture.  On  the  other  hand,  if  no  growth  interruption 
occurs,  the  preferential  incorporation  of  arsenic,  if 
compared  with  phosphorus,  leads  to  the  formation 
of  an  intermediate  GalnP(As)  layer  at  the  normal 
interface,  which  does  not  happen  at  the  inverted 
interface. 

The  GaInP/GaAs  MQW  structures  were  char¬ 
acterized  by  low  temperature  photoluminescence 
(PL)  using  an  excitation  wavelength  of  0.63  jam. 
Fig,  5a  shows  a  typical  spectrum  of  such  a  struc¬ 
ture.  The  energy  shift  due  to  quantum  confine¬ 
ment  relative  to  GaAs  band  gap  is  shown  in  fig. 
5b  as  a  function  of  the  well  width.  Good  agree¬ 
ment  is  obtained  between  the  theoretical  calcula¬ 
tion.  performed  using  a  simple  .square  well  model 
assuming  a  conduction  band  valence  band  di.scon- 
tinuity  ratio  )  of  0.4.  and  the  experi¬ 

mental  values.  Wells  as  thin  as  10  A  have  been 
obtained  with  asscKiated  energy  shifts  up  to  310 
meV.  This  demonstrates  the  high  quality  of  the 
interfaces  achievable  by  CBE. 

In  summary,  high  quality  GaAs/GalnP  struc¬ 
tures  were  grown  by  CBE  with  a  gixxl  reproduci¬ 
bility.  although  a  strong  composition  dependence 
of  the  ternary  alloy  with  growth  parameters  such 


as  temperature  and  phosphine  flow  was  ob.served. 
Monolayer  growth  control  can  be  achieved,  as 
demonstrated  by  the  growth  of  thin  quantum  wells. 
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\  sene>  of  recent  experimental  re>uliN  shov*  that  carhtni  is  a  more  suitable  accepu»r  ft»r  GaAs  than  herNllium.  One  reasiin  h>r  ihi*' 
1'  the  capahdils  of  ultra-high  doping  up  to  1  «  !0*'  cm  '  with  carbon.  However,  the  lattice  constant  significantK  decreases  \knh 
incre.ising  hole  concentration  at  such  high  doping  IcvcIn.  To  solve  the  lattice-mismatch  problem  at  the  interface  between  heaviK 
carbon-doped  GaAs  and  moderaiclx -doped  or  SI  (iaAs.  we  have  grown  heavily  carNm-doped  InCiaAs  latlice-nialched  to  SI  CiaAs  b\ 
metalorganic  molecu’  ir  beam  epiiavx  <  MOMBE).  Hall  and  X-ray  diffraction  measurement>  were  performed  to  study  the  carrier 
concentrations  and  the  lattice  constants,  respectively,  of  the  heavily  carbon-doped  InGa.As  with  various  In  contents  both  belore  and 
after  annealing 


I.  Introduction 

Although  recent  improvements  in  the  speed 
and  the  iniegration  lesel  of  semicr'iiduclor  devices 
are  remarkable,  a  further  increase  in  the  speed  and 
die  maximum  operational  frequence  requires  a 
technique  to  produce  heaxilv  doped  semiconduc¬ 
tors.  Fspecially.  the  demand  for  stable,  well-con¬ 
trolled  p-typc  doping  in  the  10'''  cm  '  range  has 
been  growing  for  fabrication  of  heterostructure 
bipolar  transistors  (HBTs).  We  have  already  re¬ 
ported  .MO.MBF.  growth  of  carbon-doped  Ga.As 
with  a  hole  concentration  of  1.5  x  It)-'  cm  '  [l-^]. 
While  it  is  difficult  to  achieve  a  doping  level 
higher  than  (1  2)  x  i0‘'’cm  '  in  n-tvpe  GaAs  due 
to  self-compensation  mechanism  [,1],  carbon,  in 
contrast,  was  found  to  incorporate  as  an  acceptor 
up  to  1  X  It)-'  cm  '  without  self-compensation. 
Since  then,  carbon  has  been  intensively  studied  as 
a  potential  acceptor  to  replace  beryllium  at  mtiny 
institutions,  and  many  benefits  from  the  use  of 
carbon  as  an  acceptor  have  been  confirmed  [4  6|. 
The  lattice  constant  of  the  heavily  carbon-doped 
GaAs.  however,  decreases  with  increasing  carbon 
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content  at  high  doping  levels  due  to  a  difference  in 
the  radii  of  Ga.  ,As.  and  C  atoms  12.5.7.8].  The 
lattice  mismatch  at  the  emitter  base  and  the  col¬ 
lector  base  junctions  max  degrade  the  flBf  per¬ 
formance  if  the  heavily  carbon-doped  Ga.As  is 
used  as  a  base  laver.  To  avoid  the  lattice  mis¬ 
match.  we  grew  heavilv  carhvvn-doped  InGa.As 
lattice-matched  with  SI  Ga.As  using  elemental  In 
and  .As  and  trimethylgalliuni  (TMG)  as  .sources 
19).  .Although  the  diffusivin  cviefficient  I'f  carbon  in 
Ga.As  is  knvswn  to  be  extremely  small,  it  is  im¬ 
portant  to  study  the  thermal  stability  of  electrical 
properties  of  heavilv  carbon-doped  Ga.As  and  In¬ 
GaAs.  because  the  material  can  be  exposed  tvi 
high  temperatures  in  the  pnicess  of  device  fabrica¬ 
tion.  In  this  paper,  we  report  the  carrier  con¬ 
centration  and  the  lattice  constant  of  heavily 
carbon-doped  InGaAs  with  various  indium  con¬ 
tents  before  and  after  annealing,  and  propose  a 
model  to  explain  the  experimental  results. 

2.  Kxperiments 

The  system  used  in  this  experiment  is  a  V’-80H 
made  bv  VG  Semicon.  In  the  .MOMBH  growth  of 
C3a.As  and  InCia.As.  TMCj  and  elemental  As  and 
In  were  used  as  Cia.  .AS4  and  In  sources,  respec- 
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lively.  The  details  of  the  growth  were  described 
elsewhere  [7],  Substrate  temperature  is  a  key 
parameter  of  the  MOMBE  growth  of  carbon- 
doped  GaAs  [1],  The  substrate  temperature  must 
be  low  enough  to  obtain  the  heavily  carbon-doped 
GaAs.  In  this  experiment,  the  substrate  tempera¬ 
ture  was  kept  at  450°C.  The  pressure-equivalent 
beam  flux  of  TMG  and  AS4  was  kept  at  1 .1  X  10 '  ^ 
and  0.8  X  10  '  Torr,  respectively.  The  indium 
pressure-equi\alent  beam  flux  was  varied  from  0 
to  1.5  X  10  ^  Torr  to  obtain  InGaAs  with  various 
indium  contents.  It  should  be  noted  that  the  ab¬ 
solute  indium  content  in  the  heavily  carbon-doped 
InGaAs  cannot  be  determined  directly  from  the 
lattice  constant  since  a  large  amount  of  the  incor¬ 
porated  carbon  reduces  the  lattice  constant.  De¬ 
termination  of  the  indium  content  in  the  heavily 
carbon-doped  InGaAs  was  described  elsewhere 

('^I- 

The  as-grown  InGaAs  was  annealed  at  900°C 
for  4  h  under  N;  flow.  A  dummy  GaAs  substrate 
was  placed  on  the  surface  of  the  InGaAs  to  mini¬ 
mize  arsenic  loss  during  annealing.  Double-crystal 
X-ray  diffraction  and  Hall  mea.surements  were 
performed  to  study  the  lattice  constant  and  the 
carrier  concentration  before  and  after  annealing. 

3.  Results  and  discussion 

Fig.  1  shows  the  dependence  of  the  carrier 
concentration  on  the  indium  pressure-equivalent 
beam  flux.  All  samples  show  p-type  conductivity, 
and  the  hole  concentration  decreases  with  increas¬ 
ing  the  indium  beam  flux.  Since  the  monomethyl- 
gallium  resulted  from  decomposition  of  TMG 
plays  a  significant  role  in  carbon  doping,  the 
carbon  concentration  incorporated  in  the  epilayer 
is  determined  by  dissociation  of  TMG  [I],  The 
effect  of  presence  of  the  In  atoms  on  the  dissocia¬ 
tion  of  TMG  must  be  considered  to  explain  the 
observed  dependence.  The  catalytic  effect  of  the 
In  atoms  may  promote  the  complete  dissociation 
of  TMG,  which  leads  to  less  incorporation  of 
carbon  into  the  epilayer.  This  hypothesis  will  be 
confirmed  by  the  SIMS  analysis.  However,  there  is 
another  possibility  that  the  electrical  activation 
rate  of  carbon  as  an  acceptor  decreases  with  the  In 
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Fig.  1.  Carrier-concenlration  dependence  on  the  indium  pres¬ 
sure-equivalent  beam  flux  for  the  heavily  carbon-doped  In 
GaA.s  before  (O)  and  after  (a.  a)  annealing. 

mole  fraction,  which  may  result  in  self-compensa¬ 
tion  for  higher  In  mole  fraction  [10). 

The  carrier  concentrations  after  annealing  at 
900°C  for  4  h  are  also  shown  in  fig.  1.  The  hole 
concentration  decreases  more  than  one  order  of 
magnitude  after  annealing  for  smaller  indium  con¬ 
tents  (region  I).  A  similar  decrease  of  the  hole 
concentration  was  observed  for  heavily  C-doped 
GaAs  with  hole  concentrations  higher  than  10"” 
cm'-’  [5].  For  larger  indium  content  (region  II), 
the  conductivity  changes  to  n-type  after  annealing. 
A  simple  model  to  explain  these  experimental 
results  will  be  proposed  later. 

Fig.  2  shows  the  lattice  constant  as  a  function 
of  the  indium  pressure-equivalent  beam  flux  be¬ 
fore  and  after  annealing.  The  strain  in  the  heavily 
C-doped  GaAs  and  InGaAs  is  relaxed  after  an¬ 
nealing.  Abernathy  et  al.  attributed  the  relaxation 
of  the  strain  in  the  heavily  carbon-doped  GaAs  to 
the  site  switching,  which  also  accounts  for  a  de¬ 
crease  of  the  hole  concentration  after  annealing. 
However,  even  if  the  carbon  atom  moves  to  the 
Ga  site  from  the  As  site,  it  does  not  significantly 
reduce  the  local  strain.  Therefore,  the  lattice  re- 
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Fig.  2  Lattice-constant  dependence  on  the  indium  pressure- 
equivalent  beam  flu.x  for  the  heavily  carbon-doped  InGaAs 
before  ( c  )  and  after  (a)  annealing. 


luxation  in  GaAs  cannot  be  explained  simply  by 
the  site  switching  model.  For  the  heavily  carbon- 
doped  InGaAs.  the  lattice  relaxation  is  also  ob- 
.served  in  region  II.  but  the  strain  slightly  increases 
in  region  I. 

The  SEM  micrograph  in  fig.  3  shows  surface 
morphology  of  the  heavily  carbon-doped  InGaAs 
with  a  larger  indium  content  after  annealing.  Figs. 
4a  and  4b  show  the  elemental  analyses  by  the 
energy  dispersive  X-ray  spectroscopy  (EDX)  on 
the  points  A  and  B  in  fig.  3.  They  indicate  the 
indium  precipitation  at  the  surface.  The  GaAs-like 
Raman  spectrum  also  confirms  this  result.  It  may 
be  concluded  that  the  majority  of  the  In  atoms  in 
the  InGaAs  segregate  toward  the  surface  and  then 
precipitate,  leaving  a  large  amount  of  indium 
vacancies  in  the  epilayer.  This  indium  segregation 
is  significant  for  the  heavily  carbon-doped  In 
GaAs  with  larger  In  content. 

Next,  we  propose  a  simple  model  to  explain  the 
observed  variations  in  the  lattice  constant  and  the 
carrier  concentration  due  to  annealing.  Let  us 
start  with  the  heavily  carbon-doped  GaAs.  As 
reported  (2),  the  activation  rate  of  the  carbon 
atom  as  an  acceptor  is  close  to  100%.  and  almost 
all  of  the  incorporated  carbon  atoms  are  substitu¬ 
tional  [8j  and  occupy  the  As  sites.  The  X-ray 
quasi-forbidden  reflection  (XFR)  technique  [11] 
supports  this  hypothesis,  as  seen  in  fig.  5.  The 


details  of  the  analysis  by  the  XFR  technique  ap¬ 
plied  to  the  heavily  carbon-doped  GaAs  will  be 
reported  elsewhere,  but  the  result  well  agrees  with 
a  calculation  based  on  the  strain  between  the  C 
and  the  nearest  Ga  atoms.  However,  the  Ga  C 
bond  is  broken  by  thermal  energy  during  anneal¬ 
ing,  and  as  a  result  the  local  strain  is  relaxed  after 
annealing.  The  C  atoms  with  the  broken  bonds 
may  form  interstitials  and  become  electrically  in¬ 
active.  The  number  of  the  carbon  atoms  with  the 
broken  bonds  is  determined  from  the  thermal 
equilibrium  during  annealing.  Therefore,  the  hole 
concentration  decreases  after  annealing 

The  argument  for  the  heavily  carbon  doped 
GaAs  can  be  applied  to  the  heavily  carbon-doped 
InGaAs  with  smaller  indium  contents.  The  break¬ 
age  of  the  Ga-C  bond  results  in  an  increase  of  the 
lattice  constant  and  a  decrease  of  the  hole  con¬ 
centration. 

In  the  InGaAs  with  larger  indium  contents,  the 
indium  segregation  during  annealing  causes  a  large 
number  of  indium  vacancies.  Some  unbonded 
carbon  atoms  may  move  to  the  indium  vacancies 


Fig.  3.  SEM  micrograph  of  surface  morphology  of  the  heavily 
carbon-doped  InGaAs  with  a  larger  In  content  after  annealing. 
Marker  represents  6  fim. 
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Fig.  4.  Elemental  analyses  by  EDX  for  points  A  and  B  in  fig.  3. 
Point  B  shows  the  indium  precipitation. 

and  become  a  donor,  resulting  in  the  conversion 
of  the  conductivity  from  p-type  to  n-type.  As 
observed  in  fig.  4.  there  still  remain  some  In  atoms 


Fig.  5.  Intensity  variation  of  the  X-ray  (200)  quasi-forbidden 
peak  as  a  function  of  the  hole  concentration.  The  insert  shows 
the  local  strain  around  C  atoms  used  in  this  calculation. 


in  the  epilayer.  The  remaining  small  number  of  In 
atoms  increase  the  lattice  constant,  but  the  carbon 
atoms  decrease  the  lattice  constant.  The  balance 
between  the  effects  of  the  indium  and  carbon 
atoms  on  the  lattice  constant  results  in  the  nearly 
complete  lattice  relaxation  seen  in  fig.  2. 

4.  Conclusions 

We  have  grown  heavily  carbon-doped  InGaAs 
with  various  indium  contents  by  MOMBE.  The 
hole  concentration  decreases  with  increasing  in¬ 
dium  content,  but  p-type  conductivity  is  observed 
even  for  larger  indium  contents.  However,  large 
variations  in  the  carrier  concentration  and  the 
lattice  constant  due  to  annealing  were  found.  The 
hole  concentration  of  the  InGaAs  with  smaller 
indium  contents  decreases,  but  the  conductivity  of 
the  InGaAs  with  larger  indium  content  changes 
from  p-type  to  n-type  after  annealing.  The  lattice 
constant  increases  for  smaller  In  content,  while 
the  lattice  constant  decreases  and  approaches  that 
of  SI  GaAs  for  larger  In  content.  A  simple  mode! 
was  proposed  to  explain  the  observed  effects  of 
annealing. 

The  study  raises  a  serious  question  regarding 
the  thermal  stability  of  the  heavily  carbon-doped 
GaAs  and  InGaAs.  A  further  investigation  of  the 
thermal  stability  is  needed  before  using  thesie 
materials  in  various  devices. 
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Luminescence  and  transport  properties  of  high  quality  InP  grown 
by  CBE  between  450  and  550  °  C 

A.  Rudra,  J.F.  Carlin.  M.  Proctor  and  M.  Ilegems 

Inshiute  for  Micro-  and  Optoelectronics,  Ecole  Polytechnique  Federate  de  Lausanne.  CH-10I5  iMUsanne.  Switzerland 


A  Hall  mobitiiy  as  high  as  153.800  cm'  V  '  s  '  at  77  K  with  -Vj  ~  ~  ^  lO'^  cm  ’  has  been  obtained  by  adjusting  the 

growth  temperature  and  the  phosphine  cracking  temperature.  The  4  K  photoluminescence  spectra  show  finely  resolved  excitonic 
transitions  for  layers  grown  above  535  with  linewidths  as  narrow  as  0.07  meV.  The  use  of  substrates  misorienied  2°  and  3.5® 
towards  (lll)A  significantly  improves  the  morphology  at  the  cost  of  a  slight  increase  in  the  impurity  incorporation. 


1.  Introduction 

Early  attempts  to  grow  InP/GalnAsP  by  con¬ 
ventional  molecular  beam  epitaxy  (MBE)  were 
hindered  by  the  large  quantities  of  solid  phos¬ 
phorus  that  were  needed  and  by  the  difficulty  in 
precisely  stabilizing  and  switching  the  P4  flux  [IJ. 
The  use  of  cracked  phosphine  has  overcome  this 
problem  and  is  now  the  accepted  answer.  High 
purity  InP  was  obtained  by  chemical  beam  epitaxy 
(CBE).  first  by  using  triethylindium  (TEIn)  (2,3j. 
and  more  recently  by  using  trimethylindium 
(TMIn)  [4],  as  well  as  with  gas  source  MBE 
(GSMBE)  [5]  using  a  solid  In  source.  In  this 
paper,  we  present  a  detailed  description  of  the 
optical  and  electrical  properties  of  InP  as  a  func¬ 
tion  of  growth  conditions,  particularly  of  substrate 
temperature,  phosphine  cracking  temperature  and 
substrate  misorientation.  At  the  present  time,  mo¬ 
bility  values  obtained  on  CBE-grown  InP  closely 
approach  the  record  values  published  from  meta- 
lorganic  vapour  phase  epitaxy  (MOVPE)  [6],  so 
that  the  different  techniques  appear  capable  of 
equivalent  performance  as  far  as  the  intrinsic 
material  quality  is  concerned. 


2.  Experimental 

The  growth  experiments  were  carried  out  inside 
a  VG  V80H  growth  chamber  evacuated  through  a 


cryogenic  trap  by  a  diffusion  pump.  Pure  TMln 
from  Epichem  was  introduced  via  a  leak  aperture 
in  a  low  temperature  cell  (50-1()0°C)  and  the 
flow  rate  was  established  by  controlling  the  up¬ 
stream  pressure  at  0.77  and  1.3  Torr.  resulting  in  a 
growth  rate  of  0.5  and  1  fim/h,  respectively.  Pure, 
undried  PH,  (Phoenix  grade.  Union  Carbide)  was 
decomposed  at  high  pressure  (3(X)  to  1000  Torr) 
inside  a  pyrolytic  boron  nitride  and  molybdenum 
cracking  cell  usually  kept  at  880  °  C  and  run  down 
to  760  °C  in  a  .specific  set  of  experiments.  The 
phosphine  flux  was  varied  between  1.5  and  3 
SCCM.  Iron-doped  (001)  oriented  InP  wafers  from 
Sumitomo,  standard  grade  and  pre-etched.  were 
In-mounted  without  any  additional  preparation. 
The  substrate  temperature  was  continuously  moni¬ 
tored  with  an  accuracy  and  repeatability  of  ±3°C 
by  using  an  infrared  pyrometer  responding  at  950 
nm  and  regularly  calibrated  against  the  melting 
point  of  InSb  (525 '’C).  RHEED  diffraction  was 
u.sed  to  monitor  the  heat  treatment  prior  to  growth. 

Low  temperature  (4.5  K)  photoluminescence 
(LTPL)  measurements  were  carried  out  using  an 
Oxford  Instruments  CF1204LT  continuous  flow 
cryostat  and  a  SPEX  14018  0.85  m  double  grating 
spectrometer.  The  detector  is  a  Peltier-cooled 
GaAs  photomultiplier  with  a  photon  counting 
multichannel  analyser  to  record  the  spectra.  The 
number  of  measured  points  was  80  per  meV.  The 
excitation  energy  could  be  tuned  between  1.75  and 
1.55  eV.  from  a  CR  590  Pyridine  2  dye  laser 
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pumped  with  all  emission  lines  of  an  Ar*  Spectra  The  LTPL  spectra  usually  show  two  broad 

Physics  2016  laser.  The  spot  size  was  nominally  emission  lines.  The  first  one,  at  1.418  eV,  is  about 

130  /im  and  the  sample  was  at  an  angle  of  45°  10  meV  wide  and  is  attributed  to  band-to-band 

with  respect  to  the  incident  and  collected  beam  recombination.  About  33  meV  below,  the  second 
axis.  emission  is  due  to  a  donor-to-acceptor  (D“-A") 

recombination. 

Between  480  and  520  °C,  the  residual  doping 
3.  Effect  of  substrate  temperature  level  slowly  decreases  to  the  low-1  O' ^  cm  '  ^  range 

and  mobilities  between  30.000  and  50,000  cm“ 
Layers  grown  between  445  and  480 °C  show  V'  s^'  are  obtained.  The  major  LTPL  line  is 

high  n-type  residual  doping  levels  (mid-lO'*  to  now  due  to  the  exciton  bound  to  a  neutral  donor 

mid-lO"’  cm  ').  Hall  mobilities  are  usually  below  (D^-X).  The  free  exciton  X  is  clearly  visible  (fig. 

3000  cm*  V  '  s  '  at  300  K  and  do  not  exceed  lA).  The  (D"-A‘’)  impurity  emission  is  much 

20.000  cm'  V ' '  s  '  at  77  K.  The  compensation  weaker,  usually  undetectable, 

ratio  is  in  the  0.6  to  0.8  range.  The  substrate-layer  Above  520  °C,  the  residual  doping  level  fails 

interface  sometimes  shows  an  enhanced  carrier  below  5x  10'“  cm  '  at  77  K  and  mobilities  are 

concentration,  the  origin  of  which  is  not  clear.  routinely  over  80,000  cm'  V  ' '  s  '  (fig.  2).  Relia- 


1  421  1.414  1.416  1.418  1.420 

Energy  (eV)  Energy  (eV) 

Fig.  1.  Pholotuminescence  spectra  at  6  K  of  two  InP  layers  grown  at  520  ■'C  (A)  and  540 '’C  (B). 
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Fig.  2,  Gro.vih  temperature  dependence  of  the  Hall  mobility 
and  the  residual  electron  concentration  of  InP  layers  grown 
under  similar  other  conditions. 


ble  measurements  can  only  be  made  on  thick 
layers  (at  least  4  /im)  because  the  depleted  layers 
at  the  surface  and  substrate  interfaces  are  ex¬ 
pected  to  account  for  more  than  1  fim. 

The  Hall  data  are  confirmed  by  profiling  into 
layers  grown  with  different  substrate  temperature 
stages.  The  carrier  concentration  measured  by  C-  V 
increases  step  by  step  as  the  temperature  decreases 
and  the  measured  electron  concentrations  show  a 
good  fit  with  the  Hall  data. 

On  LTPL  spectra,  transitions  due  to  excited 
states  of  the  exciton  bound  to  the  neutral  donor, 
(D"-X)„  up  to  /?  =  5,  are  now  clearly  resolved,  as 
well  as  (D^-X)  and  (D"-h)  lines  (fig.  IB).  These 
features,  only  found  on  high  purity  material,  have 
been  described  in  detail  in  several  publications 
[7-9]. 


4.  Effect  of  cracking  temperature 

The  highest  purity  layers  were  finally  obtained 
by  lowering  the  phosphine  cracking  temperature 
from  880  to  810  °C.  Hall  mobilities  as  high  as 
4700  cm®  V- '  s' '  at  300  K.  and  153,800  cm®  V ' 
s'*  at  77  K  with  Nj  —  =  1.5  X  10''*  cm'®  have 

been  measured  for  a  5.5  /im  thick  layer  grown  at 
541  °C.  Lowering  the  cracking  cell  temperature 
further  down  to  760  °C  did  not  bring  any  more 
improvement  to  the  purity  of  the  layers. 

This  result  complements  the  observation  of 
Kawaguchi  et  al.  [10]  for  layers  with  -  N.^  in 
the  lO'®  to  10'® cm'®  range.  It  is  not  clear  whether 
the  nature  and  distribution  of  chemical  species 
inside  the  beam  resulting  from  the  cracking  of 
PH  j  is  more  favourable  at  lower  cracking  temper¬ 
ature  or  if  reduced  outgassing  from  the  cracker  is 
the  essential  reason  for  the  growth  of  higher  purity 
layers. 

The  usual  reference  for  computation  of  the 
compensation  ratio  is  Walukiewicz  et  al.  [11]. 


Energy  (eV) 

Fig.  3.  4  K  photoluminescence  spectrum  of  a  4.5  pm  thick  tnP 
layer  grown  at  a  low  phosphine  cracking  temperature  (760  "C). 
Excitation  density  is  240  mW  cm~^.  excitation  energy  is  1.55 
eV.  Na  -  N,  (at  77  K)  is  1.3  X  10“  cm  ’  and  p  (at  77  K)  is 
150,000  cm®  V  '  s“'. 
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However,  for  high  purity  layers  the  compensation 
ratio  and  the  maximum  mobility  seems  to  be 
underestimated.  As  a  result,  the  compensation 
ratios  calculated  from  this  model  are  close  to  zero 
or  even  negative.  Using  a  more  recent  model  by 
Tagushi  and  Yamada  [12],  we  find  that  most  of 
our  layers  stand  below  0.4  with  lowest  values 
below  0.2. 

An  example  of  a  LTPL  spectrum  of  a  very  high 
purity  sample  is  given  in  fig.  3.  The  linewidth  of 
the  (D'UX),  emission  is  0.07  +  0.01  meV.  With 
increasing  excitation  density,  the  free  exciton 
rapidly  dominates  the  spectra  but  the  (D®-X),  2 
lines  remain  visible  on  the  lower  energy  shoulder. 
These  photoluminescence  spectra  stand  among  the 
best  which  have  ever  been  reported  for  InP, 
whichever  growth  technique  was  employed  [4,7,1 3]. 


5.  Effect  of  substrate  misorientation 

On  standard  grade,  exactly  (001)  oriented  sub¬ 
strates.  the  layer  morphology  is  excellent  up  to 
about  500° C.  A  residual  defect  density  varying 
from  200  to  600  cm"^  is  attributed  to  particulates 
contaminating  the  surface  during  cleavage.  In 
bonding,  handling  in  the  class  100  hood  and  trans¬ 
fers  inside  the  vacuum  system.  An  increasing  den¬ 
sity  of  elongated  defects  appears  when  the  temper¬ 
ature  is  risen  from  500  “C.  Their  density  is  10^ 
cm  “  at  520  °  C.  Above  545  °  C  the  morphology  is 
.seriously  degraded.  Etching  the  wafers  in  a 
bromine- methanol  solution  prior  to  In-mounting 
is  not  found  to  be  beneficial.  In  contrast,  the  use 
of  pre-etched  grade  wafers  brings  a  dramatic  im¬ 
provement  in  the  defect  density;  however,  under 
our  growth  conditions  of  low  V/lII  ratio,  it  can¬ 
not  be  reduced  below  10^  cm^^  for  5  fim  thick 
layers  grown  at  540  °  C.  Because  the  highest  purity 
layers  are  precisely  obtained  at  these  higher  tem¬ 
peratures,  we  have  run  comparative  experiments 
on  wafers  disoriented  by  2®  and  3.5®  towards 
(lll)A.  To  exclude  any  problem  linked  to  varia¬ 
tions  from  growth  to  growth,  we  mounted  one 
exactly  oriented  and  2  misoriented  wafers  side  by 
side.  Four  growth  experiments  were  carried  out  at 
527.  535,  540  and  546  ®  C.  In  each  case,  the  wafer- 
to-wafer  temperature  variation  was  measured  to 
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Fig.  4.  Influence  of  substrate  misorientation  on  the  transport 
properties  of  layers  grown  side  by  .side  in  3  different  runs. 


be  less  than  2°C.  In  all  four  layers,  the  misorien¬ 
tation  significantly  improved  the  layer  mor¬ 
phology.  On  4.2  to  5  fim  thick  layers  grown  on 
3.5"  off  oriented  substrates,  the  defect  density 
falls  below  600  cm  '  ^  at  540  ®  C,  below  500  cm  ’ ' 
at  535 °C  and  below  360  cm at  521° Q.  The 
surface  roughness  is  otherwise  not  visible  under 
phase  contrast  optical  microcope  examination. 

The  mi.sorientation  has  a  slight  detrimental  ef¬ 
fect  on  the  impurity  uptake  during  growth  (fig.  4). 
A  small  increase  in  the  intensity  of  the  (A°-X) 
peaks  is  also  perceptible  on  one.  otherwise  un¬ 
changed,  LTPL  spectrum.  Clearly,  the  tradeoff 
seems  to  be  quite  acceptable.  This  result  comple¬ 
ments  the  study  by  Benchimol  et  al.  [3]  on  layers 
of  higher  residual  doping  levels  obtained  with 
TEln  where  no  deterioration  was  found. 
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6.  Conclusion 

InP  layers  with  77  K  Hall  mobilities  over 
100,000  cm'  V  '  s  ',  residual  donor  concentra¬ 
tions  below  5x10''*  cm  ’  and  defect  densities 
below  600  cm  “ '  are  routinely  grown  on  our  CBE 
equipment.  Growth  temperatures  between  525  and 
545  °C.  phosphine  fluxes  between  2  and  3  SCCM 
and  low  cracking  temperatures  (800-850°C)  are 
the  required  growth  conditions, 

A  re.sidual  donor  concentration  as  low  as  1.5  x 
10’'*  cm  ',  room  temperature  and  77  K  mobilities 
as  high  as  4700  cm'  V  '  s  '  and  153.800  cm'  V  ' 
s  '  and  very  finely  resolved  PL  spectra  add  up  to 
characterize  to  the  best  of  our  knowledge,  the 
highest  purity  InP  layer  reported  so  far  for  CBE. 
MOMBE  or  GSMBE  grown  InP.  These  results 
demonstrate  that  the  best  results  obtained  by  CBE 
concerning  the  quality  of  high  purity  InP  are 
approaching  the  record  values  obtained  by 
VIOVPE,  indicating  that  both  techniques  should 
ultimately  be  capable  of  achieving  the  same  intrin¬ 
sic  material  quality. 
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Minimization  of  the  number  of  experiments  needed  to  fully  characterize  and  optimize  the  growth  of  epitaxial  material  is  the  first 
important  step  in  realizing  state  of  the  art  device  structures.  While  widely  used  in  some  fields  such  as  chemical  engineering,  response 
surface  modeling  (RSM)  has  been  little  used  in  crystal  growth  applications.  Using  RSM.  input  parameters  such  as  substrate 
temperature  hydride  injector  temperature  and  V/lll  ratio,  were  simultaneously  adjusted  to  characterize  the  crystal  growth  proces.s. 
This  technique  identified  interactions  among  parameters,  minimized  the  number  of  experiments  nece.ssary  to  understand  and 
optimize  the  prtKe.ss,  and  minimized  the  variability  of  the  growth  proces.s.  RSM  has  been  applied  to  the  CBE  growth  of  InGaAs  and 
InP  with  the  purpose  of  generating  an  operating  point  at  which  both  good  surface  morphology  and  high  mobility  material  can  be 
pnxluced.  Although  the  best  77  K  InP  mobility  was  70,000  crnyV-s.  in  order  to  improve  the  surface  quality  the  input  parameters 
were  changed  so  that  the  final  mobility  was  J7.(KX)  cm'/V  s.  Although  the  quality  of  the  InGaAs  layers  showed  a  dependence  on  the 
reactor  history,  there  did  not  appear  to  be  any  sen.sitivity  to  variations  made  in  the  operating  conditions.  The  best  77  K  InGaAs 
mobilitv  was  62.5(K)  cm"  'V  s, 


1.  Introduction 

Response  surface  modeling  (RSM)  is  a  power¬ 
ful  technique  for  process  optimization  [1.2]  but 
has  been  little  used  in  crystal  growth  applications. 
One  of  the  primary  advantages  of  RSM  is  its 
ability  to  reduce  the  number  of  experiments  re¬ 
quired  to  fully  characterize  and  optimize  a  pro¬ 
cess.  This  can  be  very  important  for  CBE  growth, 
where  the  large  number  of  possible  material  sys¬ 
tems  precludes  a  factorial  design  of  experiments. 
An  integral  part  of  RSM  is  the  design  of  experi¬ 
ments.  The  choice  of  experimental  points  has  a 
profound  effect  upon  the  uncertainty  in  the  re¬ 
sults.  All  of  the  experiments  carried  out  in  this 
study  were  performed  using  a  first  generation 
Varian  Gen  II  MOMBE  reactor.  Source  materials 
used  were  TMl.  TEG.  AsH  ,  and  PH  ,.  During  this 
study  the  flow  rates  of  the  group  HI  elements  were 
held  constant.  During  InP  growth,  the  TMI  flow 
rate  was  1.25  SCCM.  During  InGaAs  growth,  the 
TMI  now  rate  was  0.87  SCCM  and  the  TEG  How 
rate  was  1.13  SCCM.  The  control  variables  that 
were  adjusted  were:  substrate  temperature  (7;„h). 
hydride  injector  temperature  (T,„y  and  V/III 


ratio.  The  goal  was  to  find  an  operating  point  that 
produces  high  mobility  InGaAs  and  InP  with  good 
.surface  morphology. 

Grown  layers  were  evaluated  for  mobility  and 
background  carrier  concentration,  surface  mor¬ 
phology.  composition  and  growth  rate.  All  mobil¬ 
ity  measurements  were  carried  out  at  room  tem¬ 
perature  and  77  K  using  patterned  Hall  samples. 
Surface  morphology  was  evaluated  by  visual  in- 
.spection  of  Nomarski  photographs.  By  comparing 
sample  photographs  against  a  present  standard  a 
rough  measure  of  hillock  density  was  determined. 
Surfaces  were  rated  from  zero  to  ten,  with  ten 
indicating  a  perfect  surface. 

2.  Design  of  experiments 

A  common  approach  to  experimentation  in¬ 
volves  holding  all  parameters  fixed,  except  the  one 
being  explored.  The  response  would  then  be  maxi¬ 
mized  with  respect  to  the  first  variable,  which 
would  then  be  fixed  at  its  “optimal”  point  while 
the  second  variable  is  varied.  This  proce.ss  pro¬ 
ceeds,  cycling  through  all  the  variables,  multiple 
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times  if  necessary,  until  no  further  improvement 
in  the  response  is  observed.  Unfortunately,  this 
method  can  be  very  inefficient  and  there  is  no 
guarantee  of  finding  the  true  maximal  response 
[1],  One  way  of  avoiding  this  problem  is  to  set  up 
a  rectangular  grid  of  operating  points  evenly  dis¬ 
tributed  over  the  input  parameter  space.  This  has 
the  disadvantage  of  requiring  a  large  number  of 
experiments. 

For  the  optimization  of  InGaAs  a  central  com¬ 
posite  design  of  experiments  was  used.  It  is  recom¬ 
mended  that  all  input  variables  be  normalized  [3). 
so  that  they  range  from  roughly  —1  to  1.  This  is 
especially  true  with  this  problem  since  T,„j  can 
vary  by  +75°C  while  the  V/III  ratio  varies  by 
only  ±5.  By  normalizing  all  variables,  all  changes 
will  be  of  the  same  order  of  magnitude.  Assuming 
that  the  responses,  morphology  and  mobility, 
could  be  modeled  by  .second  order  equations  and 
with  three  input  variables.  T,„j  and  V/lll 

ratio,  a  central  composite  design  requires  a  mini¬ 
mum  of  15  experiments  [1],  The  experimental 
points  are  divided  into  three  categories:  cube,  .star 
and  center  points.  The  cube  portion  consists  of 
eight  points  arranged  in  a  first  order  2'  factorial 
design.  (±1.  ±1.  ±1).  The  star  portion  consists 
of  six  points.  (0.  0,  ±  a).  (0,  ±  a.  0)  and 
(  +  a,  0,  0).  Although  the  choice  of  a  is  up  to  the 
experimenter,  a  value  of  1.682  was  u.sed  following 
the  advice  in  ref.  (2|.  This  choice  of  a  results  in 
spherical  contours  of  the  expected  error  in  the 
respon.se  surface  around  the  center  point.  This 
feature  names  the  design  rotatable.  The  minimum 
number  of  center  points  (0,  0.  0)  is  one.  but  for 
this  experiment  three  center  points  were  used  to 
help  obtain  a  better  idea  of  the  variance  of  the 
individual  measurements.  The  17  experiments  were 
arranged  in  random  order  and  conducted  .sequen¬ 
tially. 

For  the  optimization  of  InP  a  minimum  point 
near  I-optimal  design  was  used.  Whereas  a  rotata¬ 
ble  central  composite  design  is  arranged  so  that 
the  response  error  is  symmetrically  distributed 
around  the  central  point,  an  I-optimal  design  is 
arranged  .so  as  to  minimize  the  average  expiected 
error  in  the  respon.se  surface  over  the  entire  do¬ 
main  of  the  parameter  .space.  As  before,  all  input 
variables  were  normalized  from  -1  to  1.  Being  a 


minimum  point  design,  only  ten  points  were 
needed  to  model  the  second  order  response  with 
three  independent  variables.  One  of  the  disad¬ 
vantages  of  a  minimum  point  design  is  its  inability 
to  provide  a  measure  of  the  error  of  the  fitted 
response  surface.  The  ten  experimental  points 
were:  (0.96,0.1,  -0.1),  (-1.  -1,  -1).  (1,  -1,  1), 
(-0.1,  0.1,  0.96).  (-0.1.  -0.96.  -0.1).  (1,  -1. 
-1),  (-1,  1.0.25).  (1,  1,  1).  (-1,  -0.25,  -l)and 
(0.26.  1.  -1). 


3.  Results 

The  primary  goal  of  this  study  is  to  determine  a 
single  operating  point  where  both  good  InGaAs 
and  InP  can  be  grown.  and  r,„j  are  common 
variables  for  both  InGaAs  and  InP.  while  the 
arsine  and  phosphine  flow  rates  are  independent 
fcsr  each  material.  The  actual  substrate  tempera¬ 
ture  is  estimated  to  be  55  °C  below  the  setpoint 
(4].  The  morphology  .scale  is  from  zero  to  ten.  In 
order  to  scale  the  mobility,  the  natural  log  of  the 
mobility  was  linearly  scaled  so  that  10.000  cm-/V 
•  s  was  equal  to  zero  and  100.000  cmV^  •  s  was 
equal  to  ten.  All  of  the  statistical  analyses  per¬ 
formed  for  this  study  were  carried  out  using  RS/1. 
a  statistical  package  donated  to  the  University  of 
Michigan  by  BBN  Software  Products  Corporation 
of  Cambridge.  MA. 

J.J.  InGaAs 

The  center  point  of  the  central  composite  de¬ 
sign  was:  ““  580  °  C.  T,„j  =  900°C  and  the 

V/III  ratio  was  10.0.  The  distances  from  the  cube 
center  to  the  cube  faces  were  20 °C  for  50 °C 

for  and  2.5  for  the  V/lII  ratio.  The  distance 
to  the  star  points  was  the  distance  to  the  cube  face 
multiplied  by  1.682. 

The  highest  mobility  InGaAs  grown  had  a  77  K 
mobility  of  62.500  cmV^  •  s,  with  a  background 
carrier  density  of  5.3  x  lO'"*  cm  The  77  K.  mo¬ 
bility  showed  a  linear  increase  with  sample  num¬ 
ber.  with  no  discernible  dependence  on  any  of  the 
three  input  parameters.  It  is  believed  that  this  is 
due  to  the  outgasing  of  the  hydride  injector.  The 
last  four  experiments  with  drastically  different 
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operating  conditions  all  showed  77  K  mobilities 
over  50,000  cm’/V-  s  while  the  surfaces  of  all  17 
samples  were  featureless,  showing  no  dependence 
on  operating  conditions.  This  indicates  that  the 
InGaAs  is  not  very  sensitive  to  the  operating 
conditions. 

Over  the  explored  range  of  operating  points, 
both  the  misfit  and  growth  rate  showed  variation 
with  the  input  parameters.  The  growth  rate,  as 
measured  with  a  selective  etch,  showed  a  linear 
dependence  on  the  V/III  ratio  and  the  injector 
temperature.  This  dependence  is  shown  in  fig.  1. 
The  misfit,  as  measured  by  double  crystal  X-ray 
diffraction,  is  shown  in  fig.  2.  The  quadratic  de¬ 
pendence  of  the  misfit  on  the  substrate  tempera¬ 
ture  agrees  with  the  findings  of  Andrews  and 
Davies  [5].  In  determining  the  relationship  for  the 
misfit  a  small  long  term  system  drift  observed 
earlier  was  ignored  (4|. 

3.2.  InF 

The  center  point  of  the  minimal  point  l-optimal 
de.sign  was:  =  580''C.  r,„,  =  900°C  and  the 

V/III  ratio  was  12.5.  The  excursions  from  the 
cube  center  to  the  cube  faces  were  25 °C  for 
60°C'  for  T,„j  and  5.0  for  the  V/III  ratio.  Initial 


f-ig.  1  IntiaAs  growlh  rate  as  a  function  of  V/111  ratio  and 
hvdride  injector  temperature.  The  filled  svmbois  are  above  the 
fitted  surface,  while  the  empty  symbtils  are  below  the  fitted 
surface. 


Fig.  2.  InGa,As  lattice  misfit  as  a  function  tif  substrate  temper¬ 
ature  and  V/III  ratio.  The  filled  symbols  are  above  the  fitted 
surface,  while  the  empty  symbols  are  below  the  fitted  surface. 


data  analysis  after  the  10  experiments  were  com¬ 
pleted  indicated  that  the  quadratic  models  for 
mobility  and  morphology  were  unacceptable.  Since 
there  were  only  10  data  points  and  10  terms  in  the 
quadratic  equation,  the  equation  would  pa.ss 
through  each  data  point.  This  would  be  adequate 
if  the  system  had  very  low  noise.  In  order  to 
improve  the  validity  of  the  fitted  equations,  data 
from  previously  grown  InP  layers  were  added  to 
the  data  set.  Although  the  group  Ill  flow  rate  was 
.somewhat  different,  it  was  felt  that  this  variation 
was  secondary  to  the  three  variables  being  ex¬ 
plored.  A  total  of  16  data  points  was  used  to 
obtain  the  final  fits  to  the  mobility  and  mor¬ 
phology.  The  growth  rate,  as  measured  by  an 
interface  stain,  did  not  show  any  statistically  .sig¬ 
nificant  variation  over  the  operating  conditions. 

Both  the  mobility  and  morphology  showed  sig¬ 
nificant  dependence  on  the  input  parameters,  with 
no  discernible  dependence  on  reactor  history.  Ta¬ 
ble  1  shows  the  correlation  matrix  between  the 
input  parameters  and  the  response  variables,  scaled 
mobility  and  morphology.  The  most  striking  fea¬ 
ture  is  the  difference  in  signs  between  the  scaled 
mobility  and  the  morphology  correlations  with  all 
three  input  parameters.  This  is  further  borne  out 
in  the  fitted  equations  given  below. 
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Table  1 

Correlation  matrix  for  InP  77  K  scaled  mobility  (Ml  *ttid 
surface  morphology  (M)  versus  T^^b'  ^mj  ^ttd  the  V/III  ratio 


7„b 

T 

ini 

V/lll 

M 

Tub 

1.0 

0.065 

0.196 

0.347 

-0.217 

7m 

0.065 

1.0 

0.107 

-0.519 

0.244 

V/IIl 

0.196 

0.107 

1.0 

-0.211 

0.353 

0..147 

-0.519 

-0.211 

1.0 

-0.358 

M 

-0.217 

0.244 

0.35;. 

-0.358 

1.0 

Morphology 

=  8.8892  -  0.03862(  7;,^  -  580) 

+  0.01004(7, „j  -  900) 

+  0.3399(V/I11  -  12.5) 

+  0.00531(7,„,  -  900)(V/111  -  12.5) 

-0.00438(7,„j,-  580)- 

-0.04824(V/11I  -  12.5)^ 

^  =  5.1347  +  0.036!  78(  -  580) 

-  0.01905(7,„,  -  900) 

-  0.1343(V/ni  -  12.5) 

4- 0.01104(7,,, -  580)(V/1I1  -  12.5) 

-  0.00298(  7,„,  -  900)(V/II1  -  12.5) 

-0.02203(V/ni  -  12.5)^ 

A  graphical  representation  of  this  equation  is 
difficult  to  obtain  since  this  would  require  a  four- 
dimensional  graph.  It  is  very  important  to  take 
great  care  in  trying  to  visualize  this  information 
[61.  A  series  of  three-dimensional  graphs  with  one 
of  the  input  parameters  chosen  as  a  grouping 
variable  is  the  best  option. 

These  equations  indicate  that  good  morphology 
and  high  mobility  do  not  occur  at  the  same  oper¬ 
ating  point.  The  highest  77  K  mobility  measured 
was  70.000  cm^/V  ■  s,  with  a  background  carrier 
concentration  of  1.0  x  10'*  cm  but  the  sample 
had  a  very  rough  surface.  TTie  strong  relationship 
between  the  surface  morphology  and  the  hydride 
injector  temperature  would  involve  a  reaction  with 
only  partially  decomposed  phosphine  as  proposed 


by  Karlicek  et  al.  (7).  Using  the  above  equations 
and  the  optimization  routine  available  in  RS/1, 
we  were  able  to  determine  an  operating  point  that 
had  both  acceptable  morphology  and  good  mobil¬ 
ity.  This  operating  point  was:  7,„,  =  580°C,  7,„j 
=  894°C  and  the  V/lll  ratio  =  14.2.  Confirma¬ 
tion  runs  at  this  operating  point  gave  a  77  K 
mobility  of  37,000  cm^/V  ■  s  with  good  mor¬ 
phology.  Both  the  surface  quality  and  the  77  K 
mobility  agreed  well  with  the  predicted  values. 

Some  further  work  will  be  done  to  determine 
the  effects  of  substrate  misorientation  and  growth 
rate.  It  is  anticipated  that  with  these  additional 
parameters  it  should  be  possible  to  obtain  a  good 
surface  at  the  highest  mobility  available. 


4.  Conclusions 

The  results  presented  here  show  the  applicabil¬ 
ity  of  response  modeling  techniques  to  the  CBE 
growth  process.  As  shown  by  the  problems  en¬ 
countered  with  the  minimum  point  near  I-optimal 
design,  it  appears  necessary  to  perform  additional 
experiments  to  be  able  to  test  the  model  and  to 
determine  the  error  of  the  fit.  Using  PSM.  a 
compromise  operating  point  has  been  found  which 
produces  both  good  InP  and  InGaAs  for  future 
heterostructure  work.  A  future  effort  will  also 
involve  modeling  those  elements  of  the  growth 
process  that  drift  in  time. 
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Growth  of  GalnAs  and  GalnAsP  lattice  matched  to  InP 
by  metalorganic  MBE 

H.  Heinecke,  B.  Baur,  R.  Hoger,  A.  Miklis  and  R.  Treichler 

Sicnwns  Research  iMboratories,  Otto-Hahn-Rm^  6.  W.SCKX)  Miimhen  RJ.  Cerntam 


Thi^  study  reports  on  the  growth  of  GalnAs  and  GalnAsP  single  layers  and  heterostructures  by  metalorganic  MBE  (MOMBE) 
using  trimethylindium  |TMI),  trielhylgallium  (TEG),  arsine  (AsH,)  and  phosphine  (PHj)  as  starting  materials.  The  growth 
parameters  were  optimized  for  a  temperature  range  where  also  high  quality  InP  is  available.  Ternary  and  quaternary  layers  exhibiting 
excellent  uniformity  across  a  wafer  diameter  of  3  inches  were  obtained  with  regard  to  layer  thickness  (  and  material 

civnposilion.  SIMS  measurements  on  GalnAs/InP  and  GalnA.sP/InP  double  heterostructures  revealed  even  for  the  problematic 
element  As  an  abrupt  modulation  of  about  three  orders  of  magnitude  or  more  depending  on  the  structure. 


t.  Introduction 

Metalorganic  MBE  (MOMBE,  CBE)  has  been 
developped  intensively  during  the  la.st  years.  Al¬ 
though  this  technique  offers  specific  advantages 
for  the  epitaxial  growth  of  InP  based  materials, 
there  are  only  a  few  reports  on  GalnAs  (1.2)  and 
GalnAsP  growth  [3.4],  The  principal  advantage  of 
•MOMBE  for  the  deposition  of  As  and  P  contain¬ 
ing  materials  is  given  by  the  precracking  of  the 
hydrides  AsH,  and  PH,  in  the  gas  injectors.  In 
contrast  to  this,  the  situation  seems  to  be  more 
complex  in  metalorganic  vapour  phase  epita.xy 
(.MOVPE).  where  the  hydrides  have  to  be  dissoci¬ 
ated  in  the  high  temperature  zones  at  the  substrate 
area.  Con.sequently.  the  different  thermal  stabili¬ 
ties  of  AsH,  and  PH,  lead  to  a  complicated  As/P 
incorporation  behaviour  and  require  relatively  high 
deposition  temperatures  [5,6].  However,  also  for 
the  MOMBE  growth  there  are  anomalies  reported 
concerning  the  incorporation  of  lattice  constituent 
elements.  Here  the  Ga  uptake  can  be  affected  due 
to  a  growth  temperature  stimulated  de.sorption  of 
Ga  containing  molecules  if  TEG  is  used  as  an  Ga 
source  [1,7,8]. 

The  intention  of  this  investigation  was  to  opti¬ 
mize  the  growth  conditions  for  GalnAs  and 
GalnAsP  in  a  temperature  range  (515-530°C) 


where  we  obtain  high  quality  InP  layers.  Special 
attention  was  paid  to  the  modulation  of  the  ele¬ 
ments  in  InP/GalnAs/GalnAsP  heterostructures 
and  the  achievable  uniformity  concerning  layer 
thickness  and  material  composition. 


2.  Experimental 

As  starting  materials  for  the  growth  of  InP/ 
GalnAs/GalnAsP.  pure  AsH,,  PH,  (both  ther¬ 
mally  decompo.sed  in  a  cracker).  TMl  and  TEG 
were  injected  into  the  growth  chamber.  The  mass 
flux  of  the  ga.ses  was  adjusted  by  high  precision 
pressure  control  loops.  Technical  details  of  the 
growth  equipment  and  the  procedure  of  substrate 
preparation  are  given  in  ref.  [9], 

Half  2  inch  InP  wafers  (iron  doped  2°  off  (100) 
towards  next  (110)  plane)  were  In  -  mounted  on 
the  3  inch  substrate  holder  excentrically.  so  that 
more  than  the  radius  of  the  holder  is  covered  by 
the  wafer.  The  wafers  were  analysed  with  regard 
to  thickness,  material  composition  and  electrical 
properties  (Hall  measurements),  5/25/45  mm 
(positions  A/M/B)  counted  radially  inwards  from 
the  limit  of  the  holder.  Layer  thicknesses  were 
evaluated  by  SIMS  analysis  with  an  accuracy  of 
better  than  1.5%.  The  As/Ga  profiles  of  the  dou- 
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ble  heterostructures  were  recorded  by  SIMS  using 
O2"  or  Cs*  ion  beams  at  an  energy  of  5.5  keV  in  a 
Cameca  IMS  3F. 

The  material  composition  was  determined  by 
double-crystal  X-ray  diffraction  and  300  K/2  K. 
photoluminescence  measurements. 

3.  Results  and  discussion 

3.1.  Gal nAs  growth 

The  dependence  of  the  lattice  matching  of  the 
GalnAs  layers  with  respect  to  InP  (evaluated  from 
the  X-ray  data)  on  the  growth  temperature  is 
shown  in  fig.  la  focusing  on  the  most  interesting 
temperature  range  between  510  and  545  °C.  The 
results  marked  using  squares  were  obtained  by 
injection  of  TMI  and  TEG  through  a  multiple  gas 
cell.  This  ensures  even  without  substrate  rotation 
an  excellent  compositional  uniformity  [10].  The 
data  show  that  for  a  lattice  matching  of  A  a/a  <  2 
X  lO"*  (at  fixed  beam  pressures),  the  substrate 
temperature  has  to  be  controlled  in  the  range 


Fig.  1.  Effect  of  growth  temperature  on:  (a)  GalnAs  lattice 
matching  u.sing  various  TEG  injection  conditions:  (b)  InAs 
and  GaAs  growth  rates. 


between  525  and  531  °C.  The  evaluation  of  the 
corresponding  binary  growth  rates  is  in  hne  with 
the  earlier  findings  in  ref.  [1]  that  the  GaAs  growth 
rate  is  reduced  by  increasing  the  growth  tempera¬ 
ture  (see  fig.  lb).  This  phenomenon  was  recently 
explained  by  the  desorption  of  diethylgallium 
molecules,  which  is  promoted  in  the  presence  of 
indium  [8,11]. 

Since  TMI  and  TEG  were  injected  via  a  multi¬ 
ple  gas  cell,  alkyl  exchange  reactions  which  were 
indeed  observed  at  room  temperature  [12]  could 
also  affect  the  growth  mechanism.  In  order  to 
achieve  more  insight,  the  TEG  was  injected  via  a 
separate  second  gas  cell.  S.Tstrate  rotation  was 
used  for  these  experiments.  Ti  ,  li.ita  in  fig.  la 
(symbols:  circles  and  triangles)  indicate  a  more 
efficient  incorporation  of  Ga  in  the  case  of  sep¬ 
arate  injection  since  the  TMI  flux  was  exactly  the 
same  in  all  experiments.  It  can  also  be  estimated 
that  for  strong  Ga-rich  conditions,  the  effect  of 
the  growth  temperature  on  lattice  matching  is 
reduced. 

The  observed  effect  cannot  be  explained  by 
errors  in  gas  flux  calibration,  since  a  common 
injection  through  the  second  gas  cell  yields  at 
524°  C  a  mismatch  of  —400  ppm.  This  finding  is 
then  in  agreement  with  the  upper  curve  in  fig.  la. 
However,  the  difference  between  separate  and 
common  injection  needs  further  investigation. 

Fig.  2  presents  the  dependence  of  the  GalnAs 
growth  rate  and  of  the  In  concentration  on  the 
beam  pressures  of  TMI  and  TEG.  There  is  only  a 
small  tendency  to  In-rich  conditions  for  lower 
growth  rates  which  can  be  caused  by  crosstalk 
effects  in  the  multiple  gas  cell  or  by  the  increased 
V/III  ratio  used  for  these  experiments.  These 
results  show  that  growth  rate  ramping  is  possible 
without  affecting  material  composition  and  that 
the  above  discussed  Ga-molecule  desorption  must 
depend  in  a  nearly  linear  way  on  the  TEG  adsorp¬ 
tion  flux  for  closely  lattice  matched  GalnAs 
growth. 

Fig.  3  gives  an  overview  of  the  (004)  X-ray 
Bragg  reflection  linewidths  versus  the  lattice  mis¬ 
match  Sa/a  for  samples  grown  under  different 
experimental  conditions.  The  layer  thicknesses 
vary  between  1.6  and  2.1  fim.  There  are  a  number 
of  samples  with  linewidths  between  15  and  20  arc 
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Fig.  2.  Dependence  of  TMI  and  TEG  beam  pressure  on:  (a) 
Galn.As  growth  rate;  (b)  indium  concentration  in  GalnAs. 


sec.  Even  at  a  strong  mismatch  of  minus  2500 
ppm  the  FWHM  value  is  only  about  33  arc  sec 
(this  layer  is  only  1  /im  thick).  The  data  of  figs.  2 


^FWHM  {arcsec) 
i  35 


25 


15 


Fig.  3.  Dependence  of  X-ray  linewidths  on  lattice  matching 
between  GalnAs  layer  and  InP  substrate. 

and  3  reflect  the  high  degree  of  control  over  the 
material  composition. 

The  free  carrier  concentration  (always  n-type) 
in  the  nominally  undoped  layers  grown  directly  on 
semi-insulating  substrates  lies  between  6  X  10''* 
and  2  X  10‘'  cm^  ’.  depending  on  the  process 
parameters.  Hall  mobilities  between  10000  and 
1 1000  cm'/V  •  s  were  measured  at  300  K  and 
between  40000  and  47000  cm'/V  •  s  at  77  K. 

The  layers  show  intensive  photoluminescence 
and  the  spectra  are  clearly  dominated  by  bound 
exciton  recombination.  The  FWHM  of  the  bound 
exciton  recombination  is  only  2.3  meV  [10]. 


.ia/a  (ppm)  - 


♦  Intensity  (a.u.) 


Fig.  4.  Rwm  temperature  photoluminescence  recorded  on  GalnAsP  layers  showing  1.05  and  1.11  #im  energy  gap  wavelength  material 
composition,  measured  at  the  positions  A/M/B  (beam  pressures;  PpH,=  5.XxlO  '  Pa;  Aj^  =  l.ll  /xm:  =  ■*  Pa. 

/',v„  =  -T2xlO  “Pa.  /’,K,  =  5.9x10  “  Pa:  =  1.05  pm:  =  .1.3  x  10  “Pa.  P,„|  =  5.5x10  “Pa.  P,,.,- =  7.3  x  10  “  Pa). 
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J.2.  GalnAsP  growth 

According  lo  the  results  of  the  preceding  sec¬ 
tion,  the  quaternary  materials  were  deposited  at  a 
temperature  of  529  °C.  Fig.  4  presents  the  300  K 
photoluminescence  spectra  of  GalnAsP  having  an 
energy  gap  wavelength  of  1.05  and  1.11  gm,  re¬ 
spectively.  The  growth  rate  was  0.22  gm/h  for  the 
1.11  gm  material  and  0.4  gm/h  for  the  1.05  /im 
material.  Lattice  matching  to  InP  is  better  than 
4  X  10  ■*  for  the  1.11  gm  wavelength  materials. 
The  spectra  are  recorded  at  the  positions  A/M/B 
of  the  layer  (see  also  table  1).  The  FWHM  of  the 
300  K  photoluminescence  lines  varies  between  42 
and  46  meV.  The  flux  ratios  of  PpH,.bcani/ 
(  ..beam)  for  ^oth  material  composi¬ 

tions  fit  quite  reasonably  into  the  curve  presented 
in  ref.  [3].  Hall  measurements  revealed  mobilities 
between  3000  and  4800  em’/V  •  s  at  300  K  and 
between  200{X)  and  31000  em’/V  •  s  at  77  K  with 
free  carrier  concentrations  in  the  high  10''*  cm  ’ 
range. 

.1.1.  i'niformity  of  grown  materials 

As  already  pointed  out  in  section  3.1.  extreme 
composition  uniformity  in  GalnAs  layers  can  be 
obtained  even  without  substrate  rotation.  How¬ 
ever.  for  the  best  thickness  uniformity,  substrate 
rotation  is  required  in  our  MOMBE  system  based 
on  a  conventional  MBE  chamber.  In  table  1  the 
results  are  summarized  with  regard  to  thickness 
measurements.  X-ray  data  and  gap  wavelength  for 
InP.  GalnAs  and  GalnAsP  layers.  The  data  are 
measured  in  the  positions  A/M/B  on  a  half  2 
inch  wafer.  Since  substrate  rotation  was  used  for 


these  experiments,  the  same  uniformity  data  from 
table  1  should  be  achieved  over  a  real  3  inch 
substrate  area. 

The  absolute  thickness  variation  for  all  three 
materials  is  less  than  1.5%.  which  is  roughly  the 
accuracy  of  the  used  measurement  technique. 

4.  Growth  of  heterostnictures 

For  the  growth  of  InP/GalnAs/GalnAsP  het¬ 
erostructures,  group  V  element  switching  at  the 
interface  is  an  important  factor.  In  order  to  study 
the  modulation  of  As.  double  stacks  of  double 
heterostructures  were  grown  under  different 
growth  parameters.  Since  all  single  layer  growth 
parameters  are  optimized  in  the  .same  temperature 
range,  the  structure  could  be  grown  without  growth 
interruption  at  529  °C.  The  material  fluxes  were 
switched  by  gas  valves  and  not  by  cell  shutters. 

Fig.  5  presents  the  SIMS  depth  profiles  of  the 
As  signal  in  sputtering  through  the  structures.  The 
Gao,47ln||s.(As  layers  in  fig.  5a  were  grown  under 
a  high  AsH  ,  supply.  The  DH  layer  sequence  closer 
to  the  substrate  was  grown  at  a  constant  In  flux, 
whereas  the  upper  structure  (left  side.  fig.  5a)  was 
grown  at  a  nearly  constant  growth  rate  ( =  1 
gm/h).  There  is  a  sharp  drop  in  the  As  signal  by 
more  than  two  orders  of  magnitude.  The  .shape  of 
the  profiles  prove  that  As  interdiffusion  at  the 
growth  temperature  of  529  °C  plays  only  a  minor 
role.  The  slopes  of  the  As  decay  are  affected  by 
the  growth  .speed,  as  can  be  seen  in  fig.  5a  by 
comparing  the  As  signal  in  the  two  InP  cover 
layers. 

At  the  higher  growth  rate,  the  As  uptake  is 
levelling  out  .slowlier  (surface  layer).  The.se  ob- 


lablc  1 

Data  on  lateral  unifi'rmily  for  ihieknes.s  and  material  composition  measured  at  three  points  (see  .section  2) 
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servations  indicate  that  there  must  be  a  small  but 
constant  source  of  As,  possibly  coming  from  hot 
filaments  [13],  and  a  more  intensive  but  depleting 
source  which  is  built  up  by  a  positive  adsorption- 
desorption  balance  at  intermediate  temperature 
spots  in  the  system.  The  latter  can  be  only  de¬ 
tected  directly  after  the  growth  of  an  As  contain¬ 
ing  material  and  the  amount  depends  on  the  As 
supply  during  that  growth  period.  This  is  con¬ 
firmed  by  the  SIMS  profile  of  an  InP/GalnAsP/ 
InP  structure  grown  under  a  much  lower  AsHj 
supply  (see  fig.  5b).  Similar  but  more  pronounced 
effects  of  As  uptake  in  InP  are  observed  in 
MOVPE  grown  InP/GalnAs  heterostructures  [14]. 
In  MOVPE  these  effects  can  be  explained  by 
autodoping  originating  from  material  grown  on 
the  susceptor. 

Furthermore,  fig.  5a  reveals  that  also  some  Ga 
is  carried  into  the  InP  cover  layers,  however,  at  a 
.significantly  lower  level  than  As.  Due  to  the  fact 
that  Ga  molecules  are  desorbing  during  the  growth 
of  GalnAs  or  GalnAsP.  a  certain  amount  of  these 
species  can  enter  the  hot  cell  areas.  During  the  InP 


growth  these  hot  cells  and  filaments  ar  then  a 
rapidly  depleting  source  of  Ga. 

It  is  worth  mentioning  that  the  observed  Ga 
and  As  memory  effects  are  at  a  very  low  absolute 
level  (log  scale  in  fig.  5!)  so  that  the  characteristics 
of  the  heterostructure  and  single  layers  are  not 
disturbed.  This  is  proved  by  the  fact  that  the  2  K 
photoluminescence  spectra  of  the  InP  cover  layers 
from  fig.  5a  do  not  exhibit  any  pecularities.  In 
addition.  GalnAs/InP  single  quantum  well  struc¬ 
tures  have  been  grown  on  2°  off  oriented  sub¬ 
strates  without  growth  interruption  at  the  inter¬ 
face. 

The  2  K  photoluminescence  of  100  A  thick 
wells  reveals  symmetric  and  sharp  PL  lines  with 
linewidths  of  only  4.3  to  4.5  meV. 


5.  Conclusions 

The  results  of  this  study  have  shown  that  the 
epitaxial  growth  of  high  quality  GalnAs  and 
GalnAsP  layers  can  be  obtained.  An  optimized 


Fig.  5.  SIMS  depth  profiles  of  arsenic  and  gallium  measured  on;  (a)  double  InP/GalnAs/InP  structure  grown  under  different 
parameters  (see  text);  layer  thickness  (in  /im)  from  left  to  right:  0,5/0.22/0.4/0.22/0.22/  substrate:  (b)  GalnAsP  (Aj^  =  1.1  fim)  DH 
structure;  layer  thicknessfin  ^m)  from  left  to  right:  l.()/().45/0,45/  sub.strate. 
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growth  temperature  equal  for  the  growth  of  the 
binary,  ternary  and  quateriary  materials  has  been 
proved  to  enable  the  preparation  of  high  quality 
layered  heterostructures  with  extreme  uniformity 
concerning  layer  thickness  and  material  composi¬ 
tion  in  lateral  and  vertical  direction. 

For  the  growth  of  InP/GalnAs/GalnAsP  het¬ 
erostructures  it  was  demonstrated  that  a  sharp 
modulation  also  of  the  critical  element  As  can  be 
achieved.  For  low  InP  growth  rates  the  As  uptake 
in  InP  is  more  localized  at  the  heterointerface, 
whereas  for  higher  InP  growth  rates  the  incorpora¬ 
tion  of  As  is  more  distributed  over  an  increased 
thickness  of  the  InP  layer,  however,  at  an  even 
lower  level. 

This  result  can  be  of  significant  importance  for 
the  growth  of  quantum  well  and  critical  device 
heterostructures. 
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An  electron  eveiotron  resonance  (ECRl  plasma  system  has  been  designed  for  the  purpose  of  using  an  excited  beam  of  gases 
during  CBE  growth.  The  sy.stem  was  designed  to  use  hydrogen,  nitrogen  and  argon.  An  ECR  plasma  system  has  the  ability  to  ignite  a 
low  pressure  and  low  temperature  plasma  with  xery  low  ion  energies,  which  should  minimize  any  damage  to  the  growing  layer.  The 
motisation  behind  using  a  plasma  during  grow  th  is  the  ability  of  atomic'  hydrogen  to  remove  contaminants  from  the  growing  layer 
and  to  enhance  the  decomposition  of  organometallic  precursors  at  low  substrate  temperatures.  InP  grown  with  a  hydrogen  plasma 
showed  an  n-type  background  carrier  concentration  of  6.0  x  lO'^'cm  with  a  rough  surface  and  a  strong  phoioluminescence  peak  at 
1.37K  eV.  .A  control  sample  grown  with  excess  hydrogen  but  without  the  plasma  had  a  background  earner  concentration  of  I. Ox  lO'' 
cm  a  77  K  mobility  of  65.000  cm  ,  V  s  and  a  very  weak  phololuminescence  peak  at  1  .37S  eV.  The  most  likely  cause  for  the  layer 
degradation  during  plasma  growth  is  an  intrinsic  defect  such  as  an  antisile  defect  or  a  vacancy  .  The  n-type  nature  of  the  layer  and  the 
relatively  high  carrier  concentration  wtiuld  seem  to  e.xclude  the  possibility  of  carbtsn  or  any  other  unintentional  impurities. 


I.  Introduction 

Hydrogen  and  nitrogen  plasmas  have  been  used 
to  aid  in  the  growth  of  GaAs.  GaN  and  other 
materials  [1-3].  When  the  epitaxial  process  occurs 
at  very  low  pressures,  below  1  X  10  ■*  Torr.  an 
ECR  plasma  source  is  one  of  the  most  convenient 
techniques  to  generate  a  plasma.  An  ECR  plasma 
system  is  a  powerful  method  for  generating  an 
excited  beam  of  gases  during  CBE  growth. 

ECR  plasmas  have  been  proven  effective  for 
the  growth  of  nitrides,  specifically  GaN  and  AIN. 
For  nitride  growth  without  plasma  a.ssistance,  it 
was  found  that  hydrazine  is  a  better  .source  of 
nitrogen  than  ammonia  [4|.  However,  work  done 
with  ECR  plasmas  and  nitride  growth  have  .shown 
that  nitrogen  can  be  an  effective  source  material 
[5|.  The  reactivity  of  ionized  nitrogen  ea.ses  some 
of  the  constraints  on  the  growth  condition.s.  The 
substrate  temperature  is  no  longer  limited  by  the 


*  Precem  address:  Sandia  National  Laboratories.  .Albuquer¬ 
que.  New  Mexico  87185.  LSA. 


decomposition  temperature  of  the  group  V  pre¬ 
cursor.  Meikle  et  al.  [5]  have  suggested  that  the 
addition  of  hydrogen  to  a  nitrogen  plasma  should 
help  prevent  the  formation  of  Al-C  during  the 
growth  of  AIN  from  trimethylaluminum.  In  desig¬ 
ning  an  ECR  system  for  CBE  growth  of  nitrides,  it 
is  important  to  have  the  ability  to  arbitrarily  vary 
the  composition  of  the  plasma. 

The  ECR  plasma  injector  was  installed  in  a 
first  generation  Varian  Gen  II  MOMBE  reactor. 
The  source  materials  u.sed  were  irimethylindium 
(TMI)  and  lOO*?  phosphine.  The  CBE  system  has 
been  described  elsewhere  (6).  The  experiments  were 
carried  out  with  a  TMI  flow  rate  of  1.25  SCCM.  a 
V/111  ratio  of  14.2.  a  substrate  setpoint  of  580  °C. 
an  alkyl  injector  temperature  of  50  °C,  and  a 
hydride  injector  temperature  of  894° C.  The  actual 
substrate  temperature  is  estimated  to  be  525  °C 
(6J.  The  .samples  were  analyzed  with  patterned 
Hall  measurements,  etching  C-V  measurement 
and  photoluminescence  (PL).  The  excitation  wave¬ 
length  for  the  PL  measurements  was  488  nm.  and 
the  intensity  was  approximately  1.2  W/cm".  The 
PL  measurements  were  done  at  14  K. 
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2.  The  ECR  plasma  system 

The  plasma  injector  was  purchased  from  Wave- 
mat,  Inc.  [7],  The  injector  was  designed  to  fit  in  a 
standard  Knudsen  cell  port  in  the  source  flange  of 
the  Varian  Gen  II  MOMBE.  A  schematic  of  the 
injector  is  shown  in  fig.  1.  The  injector  was  de¬ 
signed  to  take  advantage  of  the  resonance  that 
occurs  when  microwave  energy  couples  with  the 
resonance  frequency  of  electrons  in  a  static  mag¬ 
netic  field  [8].  Making  use  of  this  resonance  allows 
the  plasma  to  be  ignited  at  low  pressures  and  low 
temperatures,  minimizing  damage  to  the  growing 
layer.  The  injector  was  designed  to  minimize 
plasma  recombination  within  the  discharge  region. 
The  materials  located  near  the  discharge  region 
are  quartz  and  stainless  steel. 

The  gas  delivery  system  was  designed  to  allow 
independent  control  of  gas  composition  and  flow 
rate  into  the  reactor.  The  present  system  was 
developed  for  u.se  with  nitrogen,  hydrogen  and 
argon.  A  layout  of  the  gas  delivery  system  is 
shown  in  fig.  2.  There  are  two  distinct  portions  of 
the  gas  delivery  system,  composition  control  and 
flow  control  into  the  reactor.  The  composition  of 


the  gas  stream  is  controlled  by  3  parallel  MKS 
1259  mass  flow  controllers,  allowing  any  mixture 
of  hydrogen,  nitrogen  and  argon.  The  flow  rate 
into  the  growth  chamber  is  controller  by  a  molecu¬ 
lar  flow  element  (MFE).  By  varying  the  pressure 
across  the  MFE.  the  flow  rate  can  be  varied  up  to 
50  SCCM,  with  a  resolution  better  than  0.1  SCCM. 
However,  due  to  the  low  conductance  of  the 
plasma  injector  itself  (3.7  X  10  '  1/s)  [7],  at  flow 
rates  over  5  SCCM  the  presence  drop  of  the 
injector  itself  is  used  to  control  the  gas  flow.  It  is 
postulated  that  replacing  the  MFE  with  a  laminar 
flow  element,  which  can  sustain  a  larger  pressure 
drop  across  the  element,  will  result  in  a  more 
controllable  flow  rate  in  the  10  to  20  SCCM 
range. 

3.  Results 

In  order  to  test  the  applicability  of  a  hydrogen 
plasma  during  the  growth  of  InP  three  layers  were 
grown;  bulk  undoped  InP.  InP  with  a  hydrogen 
plasma,  and  InP  with  excess  hydrogen  but  no 
plasma.  The  electrical  properties  are  summarized 


('(Uisiul  Vlicrowase  Input 


Fig.  1 ,  The  F.CR  plasma  injector  purchased  from  Wavemai.  Inc. 
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Mixing  Manifold 


in  table  1.  Samples  135  and  136  had  an  excess 
hydrogen  flow  of  9.5  SCCM,  while  the  plasma  for 
sample  135  was  ignited  with  50  W.  Sample  135 
showed  significant  deterioration  in  surface  quality, 
while  samples  134  and  136  had  excellent  surfaces. 

Photoluminescence  spectra  were  taken  of  the 
three  samples  in  the  1.2  to  1.5  eV  range.  Sample 
134  shows  a  band-to-band  peak  at  1.413  eV  with  a 
FWHVf  of  4.8  meV.  Sample  135  shows  a  band- 
to-band  peak  at  1.410  eV  with  a  FWHM  of  16.8 
meV  and  a  strong  second  peak  at  1.378  eV  with  a 
FWHM  of  20.7  meV.  Sample  136  shows  a  band- 
to-band  peak  at  1.413  eV  with  a  FWHM  of  4.8 
meV  and  a  weak  second  peak  at  1.378  eV.  Fig.  3 
shows  the  photoluminescence  spectra  of  samples 
134.  135  and  136. 

The  presence  of  the  high  background  carrier 
concentration  in  sample  135  seems  to  indicate  an 
unintentional  elemental  impurity.  However,  it  ap¬ 
pears  that  a  more  likely  cause  is  an  intrinsic 


Table  1 

Hlecincal  data  for  bulk  InP.  bulk  InP  with  a  hydrogen  plasma 
and  bulk  InP  wich  excess  hydrogen 


Sample 

No. 

Hy. 

drogen 

P»a*- 

ma 

f  Tfowf  h 

rate 

(pm/h) 

n  (77  K1 
(cm  ' 

»  (77  K) 
(cmVV  s) 

134 

No 

No 

0.717 

1.5X10'’ 

57000 

1.35 

Yes 

Yes 

0.724 

6.0x10"' 

2700 

136 

Yes 

No 

0.590 

1.9X10” 

65000 

crystal  defect  such  as  an  anti-site  defect  or  a 
vacancy.  After  installing  the  ECR  plasma  system, 
hydrogen  and  nitrogen  were  flowed  into  the  growth 
chamber  and  analyzed  with  a  UTl-100  quadrupole 
mass  spectrometer  both  with  and  without  igniting 
a  plasma.  No  contaminants  were  observed  over 
the  range  from  1  to  100  amu.  The  energy  of  the 
second  PL  peak  corresponds  to  a  carbon  acceptor 
level  (9).  but  the  n-type  nature  of  the  layer  and  the 
relatively  high  carrier  concentration  precludes 
carbon  as  the  unintentional  impurity. 

The  original  purpose  behind  introducing  the 
hydrogen  plasma  during  growth  was  to  prevent 
the  incorporation  of  unwanted  contaminants. 

Energy  (eV) 


1.475  1.441  1.408  1.377  1.347  1.31  8  1.291 


8400  8600  8800  9000  9200  9400  9600 

Wavelength  (in  Angstroms) 

Fig.  3.  Phoioluminescence  specira  of  samples  134.  135  and  136. 
The  measuremenls  were  done  at  14  K. 
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However,  it  appears  that  the  hydrogen  plasma 
interfered  with  the  grow'th  process.  The  atomic- 
hydrogen  can  tie  up  surface  .sites,  and  can  also 
form  volatile  compounds  on  the  surface,  prevent¬ 
ing  their  incorporation  into  the  growing  layer. 
Reactions  between  partially  decomposed  phos¬ 
phine  and  the  atomic  hydrogen  would  form  phos¬ 
phine.  which  would  not  decompose  at  the  sub¬ 
strate.  Similar  behavior  has  been  seen  during  hy¬ 
dride  vapor  phase  epitaxy  of  InP  with  partially 
decomposed  phosphine  [10].  The  partially  decom¬ 
posed  phosphine  would  form  volatile  compounds 
on  the  surface,  leaving  a  phosphorus  deficient 
surface.  Karlicek  et  al.  [10]  have  also  observed  a 
deterioration  in  surface  quality  during  growth  with 
a  phosphorus  deficient  surface.  Dry  etching  of  InP 
with  hydrogen  plasmas  results  in  the  formation  of 
indium  droplets  on  the  surface  [1 1.12].  The  forma¬ 
tion  of  indium  droplets  during  etching  can  even 
occur  at  50  °C.  demonstrating  the  highly  reactive 
nature  of  the  hydrogen  plasma.  During  the  growth 
of  InP.  the  preferential  etching  of  pho.sphorus  by 
the  hydrogen  plasma  will  result  in  the  grow  th  of  a 
phosphorus  deficient  layer. 

Sample  136.  grown  with  excess  hydrogen  but 
no  plasma,  showed  only  a  weak  PL  signal  at  1.37H 
eV,  Since  the  reactivity  of  molecular  hydrogen  is 
much  less  than  that  of  atomic  hydrogen,  the  corre¬ 
sponding  decrease  in  the  defect  level  signal  was 
expected.  Also  the  good  electrical  properties  and 
the  excellent  surface  of  sample  136,  indicates  that 
It  IS  the  high  reactivity  of  the  atomic  hydrogen 
that  damaged  sample  135  The  reduction  of  the 
growth  rate  of  sample  136  may  be  a  result  of 
molecular  hydrogen  tying  up  surface  sites  on  the 
growing  surface. 

.Although  it  is  impossible  to  say  with  certainty 
what  type  of  intrinsic  crystal  defect  is  responsible 
fiTT  the  quality  of  sample  135.  it  does  seem  that 
crystal  defects  and  not  contamination  appears  to 
he  the  cause  of  the  high  carrier  concentration,  the 
PI,  peak  at  1 .378  eV  and  the  surface  degradation. 

4.  Conclusions 

An  electron  cyclotron  resonance  plasma  system 
has  been  constructed  for  the  injection  of  a  hydro¬ 
gen,  nitrogen  or  argon  plasma  during  CBH  growth. 


Initial  experiments  carried  out  with  a  hydrogen 
plasma  during  the  growth  of  InP  resulted  in  layers 
with  a  high  n-type  carrier  concentration  and  a 
strong  photoluminescence  peak  at  1.378  eV.  The 
most  likely  cause  for  this  is  an  intrinsic  defect 
such  as  an  antisite  or  a  vacancy.  Although  hydro¬ 
gen  plasmas  have  been  effective  during  the  low 
temperature  growth  of  GaAs.  it  does  not  appear 
that  the  use  of  a  hydrogen  plasma  at  normal 
growth  temperatures  (  =  500°C)  is  u.seful  for  InP 
grow'th.  Future  work  will  focus  on  determining  the 
type  of  crystal  defect  and  developing  a  better 
model  of  the  interaction  between  hydrogen  and 
the  growing  surface. 
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For  the  growth  of  IIl-V\/in-Vn  heierostructures  with  a  sharp  interface,  il  is  important  to  suppress  the  interchanging  reaction  of 
column  V  elements  between  the  impinging  molecules  (V^)  and  atoms  of  the  substrates  (V,^).  In  order  U't  obtain  a  systematic 
understanding,  the  chemical  reaction  has  been  examined  for  eight  different  substrate  materials  with  beams  of  As  and  Sb.  We  ha\e 
determined  the  critical  temperature  at  which  this  reaction  becomes  predominant  by  using  reflection  high  energy  electron  diffraction. 
Raman  scattering  measurement  was  also  used  to  analyze  the  composition  of  beam-irradiated  surface.  Experimental  results  are 
interpreted  reasonably  well  by  the  iherm<.x;hemical  property  of  these  III-V  compound  semiconductors, 


1.  Introduction 

Different  types  of  heterostructure  using  lU-V 
compound  semiconductors  have  been  widely  ex¬ 
amined  as  a  fundamental  material  for  opto-elec- 
tronic  and  high-speed  device  applications  in  the 
last  decade.  In  order  to  realize  these  devices  with 
high  quality  performance,  fine  control  of  heteroin¬ 
terface  must  be  achieved  at  an  atomic  scale.  Ex¬ 
cepting  GaAs/AlGaAs.  however,  there  are  .still 
problems  on  the  interface  control  by  molecular 
beam  epitaxy  (MBE),  On  the  MBE  growth  of 
111  -  V.^/111-Vp  type  heterostructures,  the  domi¬ 
nant  problem  to  control  interface  properties  is  an 
interchanging  reaction  between  molecules  in 
the  beam  and  Vg  atoms  in  the  epitaxial  layer. 
Tuttle  et  al.  reported  a  strong  dependence  of  elec¬ 
tronic  properties  on  the  growth  condition  of  InAs 
channel  clad  with  AlSb  (!].  They  found  that  con¬ 
trolled  growth  of  the  interface  bonding.s.  InSb-like 
or  GaAs-like.  is  important  to  obtain  high  mobility 
electrons  in  the  channel.  We  have  also  found  that 
the  heterointerface  between  GaAs  and  GaSb  be¬ 
comes  graded  in  composition  [2].  These  interface 
properties  should  be  governed  by  the  chemical 
reaction  of  highly  volatile  column  V  elements  be¬ 
tween  the  molecular  beam  and  the  crystal  surface. 


In  this  paper,  we  report  systematic  analysis  on 
the  surface  reaction  of  impinging  molecular  beams 
with  various  IIl-V  compound  semiconductors.  We 
focus  on  the  reaction  of  As  and  Sb  beams  with  the 
following  various  semiconductors;  AlAs.  AlSb. 
GaP.  GaAs,  GaSb.  InP.  InAs  and  InSb.  The  ob¬ 
served  results  will  be  discus.sed  from  a  viewpoint 
of  thermochemical  property  of  Ill-V  compound 
.semiconductors. 


2,  Experimental  procedure 

The  apparatus  used  here  is  ANELVA-620  type 
conventional  MBE  system.  Pure  metals  of  Al.  Ga. 
In.  As  and  Sb  were  used  as  sources  of  molecular 
beams.  In-.situ  grown  epitaxial  layers,  AlAs,  AlSb. 
GaAs.  GaSb.  InAs  and  InSb  on  (100)  oriented 
GaAs  substrates,  were  used  for  studying  surface 
reaction  with  As  and  Sb  molecular  beams.  All  the 
epitaxial  layers  used  for  experiments  were  grown 
for  ]  (um  and  were  confirmed  to  have  a  .smotith 
surface  by  using  reflection  high  energy  electron 
diffraction  (RHEED).  In  the  case  of  GaP  and  InP. 
surfaces  of  (100)  oriented  single  crystals  were  used 
for  the  experiment.  Crystals  of  GaP  and  InP  were 
heated  in  As  beam  irradiation  for  a  few  minutes  to 
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remove  the  native  oxides.  This  thermal  cleaning 
process  had  not  interchanged  any  atoms  in  InP 
and  GaP  crystals  by  As  atoms  from  the  beam  as 
reported  by  Davies  et  al.  [3]. 

Before  the  experiment  of  surface  reaction, 
crystals  were  cooled  down  to  400  °C  (300  “C  for 
InSb).  The  beam  intensities  of  As  and  Sb  were 
settled  at  3.0  x  10^''  and  1.5  X  10"'*  Pa,  respec¬ 
tively.  Under  these  conditions,  the  crystal  was 
heated  again  with  and  without  the  irradiation  of 


As  or  Sb  beams.  We  heated  the  crystals  up  to 
800  °C  (the  temperature  limit  of  our  substrate 
heater)  with  steps  of  20  °C.  In-situ  monitoring  of 
RHEED  pattern  was  conimued  throughout  the 
heat  treatment  to  determine  the  critical  tempera¬ 
ture  of  surface  reaction.  After  the  RHEED  experi¬ 
ment,  samples  were  taken  out  from  the  MBE 
apparatus  and  were  analyzed  by  Raman  scattering 
to  determine  the  surface  composition.  We  used  the 
backscattering  configuration  with  a  primary  beam 


Fig.  1.  Reconstnjcted  RHEED  patterns  observed  under  various  conditions:  (A)  heated  without  beam  irradiation;  (B)  heated  with  As 
irradiation;  (C)  heated  with  Sb  irradiation.  Open  and  solid  ciitles  denote  the  critical  temperatures  at  which  the  spot  and  the  ring 

patterns  have  appeared,  respectively. 
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of  514.5  nm  line  from  Ar  ion  laser  to  analyze  the 
characteristic  phonon  mode. 


3.  Results  of  RHEED  experiment 

In  fig.  1,  we  summarize  the  results  of  RHEED 
experiment  for  the  series  of  III-V  compound 
semiconductors.  This  figure  shows  the  recon¬ 
structed  RHEED  pattern  observed  at  each  tem¬ 
perature  under  various  conditions.  As  we  can  see, 
the  surface  structure  has  changed  with  increasing 
substrate  temperature.  For  instance,  the  surface  of 
InAs  changed  the  structure  from  (2  X  4)  As  to 
(4  X  2)  In  at  440  °C  when  it  was  heated  without 
beam  irradiation.  Such  a  structural  change  would 
be  due  to  the  selective  sublimation  of  column  V 
atoms  [4].  With  increasing  the  temperature  in  ad¬ 
dition,  the  streaky  RHEED  signal  has  been 
changed  into  the  spotty  or  the  diffused  ring  pat¬ 
terns.  Open  and  solid  circles  in  fig.  1  show  the 
critical  temperatures  at  which  the  spot  and  the 
ring  patterns  have  appeared,  respectively.  The  spot 
pattern  indicates  the  formation  of  three-dimen¬ 
sional  (3D)  surface  structure.  The  ring  pattern 
denotes  the  buildup  of  amorphous  or  polycrystal¬ 
line  films  on  the  irradiated  surface.  Here,  we  name 
the  critical  temperatures  of  this  change  in  RHEED 
pattern  as  7^.. 

When  the  samples  are  heated  without  beam 
irradiation,  7^.  should  correspond  to  the  critical 
temperature  for  dominant  decompositional  sub¬ 
limation  of  column  V  atoms.  As  shown  in  fig.  1, 
we  observed  considerable  shift  of  7^.  from  the 
sublimation  temperature  when  the  sample  was 
heated  under  the  beam  irradiation.  When  the  col¬ 
umn  V  atoms  in  the  beam  are  the  same  as  the 
component  of  the  crystal,  the  beam  irradiation 
increa.ses  7^,  and  stabilizes  the  surface  to  prevent 
decompositional  sublimation.  This  increase  of  7^ 
should  be  due  to  the  shift  of  equilibrium  vapor 
pressure  between  the  sublimed  column  V  atoms 
and  the  molecular  beam.  When  the  column  V 
beam  is  different  from  the  component  element  in 
crystal,  on  the  other  hand,  the  critical  temperature 
does  not  necessarily  increase  by  the  irradiation. 
of  the  series  of  antimonides  decreases  by  the 
irradiation  of  As  beam,  while  7^  of  phosphides 


and  arsenides  increases  by  the  irradiation  of  As 
and  Sb  beams.  For  the  case  of  ALAs,  we  could  not 
see  any  signs  of  deterioration  in  surface  mor¬ 
phology  up  to  800  °C,  independent  of  the  beam 
irradiation. 


4.  Analysis  of  thermochemical  properties 

Fig.  2  summarizes  sublimation  temperatures  ( 
without  beam  irradiation)  for  the  various  com¬ 
pound  semiconductors  appearing  in  fig.  1.  These 
temperatures  are  also  be  compared  with  the  bind¬ 
ing  energies,  i.e.,  cohesive  energies  per  bond  [5]. 
As  can  be  seen  in  fig.  2,  the  sequence  of  is  in 
qualitative  agreement  with  that  of  the  binding 
energy.  Thus  we  have  confirmed  experimentally 
that  the  sublimation  temperature  is  governed  by 
the  binding  energy.  Note  that  7[.  for  AlAs  is 
probably  well  over  800  °C. 

Next,  we  discuss  the  shift  of  caused  by  the 
irradiation  of  two  different  beams.  As  or  Sb.  In 
order  to  understand  the  shift  of  7^.  by  the  beam 
irradiation,  we  measured  Raman  spectra  from 
these  beam-irradiated  samples.  It  is  revealed  by 
the  measurement  that  compositional  change  has 
been  introduced  to  the  irradiated  surface.  For 
instance,  fig.  3  shows  the  Raman  signals  from 
GaSb  surface  irradiated  by  As  beam.  The  irradia¬ 
tion  period  was  30  min  and  the  substrate  tempera¬ 
tures  for  the  irradiation  were  520  and  420  °C  for 
samples  (a)  and  (b).  respectively.  The  spectrum  (a) 
contains  two  major  peaks  characteristics  of  TO 
and  LO  phonon  modes  from  GaAsSb  alloy  crystals 
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Fig.  2.  Relationship  between  the  sublimation  temperature  (ob¬ 
served  7^  for  without  beam  irradiation)  and  the  binding  en¬ 
ergy. 
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and  a  weak  peak  from  LO  of  GaSb,  i.e.,  phonons 
from  GaSb  were  replaced  by  those  from  GaAsSb 
by  the  irradiation  of  the  As  beam.  This  result 
indicates  that  the  irradiation  of  the  As  beam  at 
520  °C  has  turned  the  GaSb  surface  to  GaAsSb. 
Because  the  skin  depth  of  the  probing  light  is 
expected  to  be  about  120  nm  for  GaAs.  this  result 
indicates  that  about  60  nm  thick  GaSb  surface  has 
been  turned  to  GaAsSb  by  the  As  irradiation.  On 
the  contrary,  the  surface  of  GaSb  irradiated  by  As 
at  420  °C  did  not  show  any  trace  of  GaAs  or 
GaAsSb  phonon  modes  as  shown  by  spectrum  (b). 
As  well  as  the  Raman  signal,  the  RHEED  pattern 
from  the  sample  did  not  show  any  appreciable 
change  by  the  irradiation,  which  indicates  that 
GaSb  at  420  °C  does  not  react  with  the  As  beam 
to  produce  a  GaAs  bond. 

On  the  left  and  right  axes  of  fig.  4.  we  show  the 
material's  name  (framed)  of  which  the  Raman 
signal  has  been  detected  on  each  surface  after  the 
beam  irradiation.  The  beam-irradiated  surface  is 
always  a  tran.sition  layer  which  consists  of  binary 
or  ternary  compounds.  In  the  transition  layer,  the 
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Fig.  3  Recorder  traces  of  Raman  spectra  from  GaSb  .surface 
irradiated  by  As  beam.  The  irradiation  period  was  30  min  and 
the  substrate  temperatures  were  520  and  420  for  samples 
(a)  and  (b).  respectively. 
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Fig.  4.  Shift  of  critical  temperatures  due  to  the  beam  irradia¬ 
tion.  On  the  central  axis.  7^  without  beam  irradiation  (sub¬ 
limation  temperature)  is  shown  for  various  compound  .semi¬ 
conductors.  Under  the  beam  irradiation,  different  T^.  shown  on 
the  left  and  light  axe.s  were  observed.  In  frames,  we  show  the 
materiaPs  name  of  which  the  Raman  signal  has  been  delected 
on  each  surface  after  the  beam  irradiation. 


column  V  element  of  the  original  crystal  has  been 
replaced  by  other  atoms  from  the  molecular  beam. 
We  also  note  in  fig.  4  that  Sb  atoms  of  any 
antimonides  are  easily  replaced  by  As  even  if  they 
have  been  kept  at  lower  temperatures  below  the 
sublimation  temperature.  On  the  contrary.  As 
atoms  of  any  arsenides  are  stable  for  Sb  irradia¬ 
tion  until  they  are  heated  to  higher  than  the  sub¬ 
limation  temperature.  Phosphides  do  not  react 
with  beams  of  As  and  Sb.  unless  they  are  heated 
above  the  sublimation  temperature.  This  behavior 
is  probably  the  direct  reflection  of  the  binding 
energy,  i.e..  atoms  in  crystals  react  at  high  temper¬ 
atures  with  molecular  beams  to  stabilize  the  surface 
by  forming  the  cap  layer  with  higher  binding 
energy.  As  seen  in  fig.  2.  the  sequence  for  the 
binding  energy  is  as  follows:  phosphides  > 
arsenides  >  antimonides  if  the  column  III  compo¬ 
nent  is  the  same. 
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This  type  of  chemical  reaction  is  not  desirable 
to  obtain  a  sharp  interface  by  MBE.  If  atoms 
in  a  HI- crystal  are  easily  replaced  by  atoms 
in  the  molecular  beam,  the  same  chemical  reaction 
should  form  a  graded  heterointerface  in  the  III- 
V\/III-V„  structures  [6].  Moreover,  the  heteroin¬ 
terface  under  such  a  conditions  should  be  rough  at 
an  atomic  scale.  This  is  because  the  beam-irradia¬ 
ted  surface  easily  becomes  a  3D  structure  even  at 
lower  temperatures  below  the  sublimation  temper¬ 
ature,  which  has  been  mentioned  above  in  the 
RHF.ED  analysis.  The  similar  interchanging  reac¬ 
tion  w  ill  be  observed  for  surface  atoms  of  arsenides 
and  antimonides  when  they  are  irradiated  by  P 
beam  [7].  In  order  to  prevent  the  chemical  reac¬ 
tion  and  to  obtain  a  sharp  heterointerface,  it  is 
important  to  maintain  the  growth  temperature  as 
low  as  possible. 

5.  Summary 

We  have  studied  the  surface  stability  of  III  -V 
compound  .semiconductors  under  the  irradiation 
of  column  \'  molecular  beams.  When  the  crystals 
are  heated  without  beam  irradiation,  decompo.si- 
tic'iial  sublimation  of  the  column  V  atoms  is  ob¬ 
served.  The  critical  temperature  for  sublimation  is 
governed  by  the  binding  energy  of  the  binary 
ctmipound.  When  the  samples  are  irradiated  by 
beams,  we  have  observed  different  critical  temper¬ 
atures.  The  shift  of  critical  temperatures  is  attri¬ 


buted  to  the  chemical  reaction  between  the  molec¬ 
ular  beam  and  the  crystal  surface.  For  the  con¬ 
trolled  growth  of  heterostructures,  it  is  important 
to  minimize  this  type  of  chemical  reaction. 
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A  PbTe  dopant  source  has  been  used  to  grow  n-type  InSb  using  the  molecular  beam  epitaxy  growth  technique.  From  Auger 
electron  .spectroscopy  studies,  no  surface  segregation  of  tellurium  or  lead  is  observed  up  to  -  10''^  cm  '  doping  levels.  The  correlation 
between  the  PbTe  flux  used  during  growth  and  the  electron  density  in  the  grown  films  is  very  good,  suggesting  that  the  incorporation 
of  tellurium  is  near  unity  Six-probe  Hall  measurements  of  carrier  transport  gave  room  temperature  mobilities  as  high  as  51,300  cm’ 
V  '  s  ’  at  an  electron  density  of  2.9  x  10’''  cm  '  (54,3(K)  at  an  electron  density  of  1.9  x  lO”’  cm '  ’  at  110  K)  for  a  film  of  4.0  pm 
thickness  on  an  InP  substrate. 


1.  Introduction 

Indium  antimonide  is  a  narrow  energy  band 
gap  .semiconductor  with  a  very  small  electron  ef¬ 
fective  mass  and  thus  may  be  useful  for  long 
wavelength  optoelectronic  devices  and  for  trans¬ 
port  devices  such  as  magnetoresistors.  Epitaxial 
InSb  films  grown  by  molecular  beam  epitaxy 
(MBE)  may  potentially  be  doped  n-type  with  Si  or 
Sn.  or  with  the  group  VI  elements  S.  Se,  or  Te.  Of 
the  group  VI  elements.  Te  may  be  advantageous 
becau.se  of  its  relatively  lower  vapor  pressure,  in¬ 
creasing  its  incorporation  efficiency  at  relatively 
high  film  growth  temperatures.  Use  of  a  captive 
Te  .source,  such  as  PbTe.  is  suggested  by  studies  of 
Te  and  PbTe  as  Te  dopant  .sources  for  MBE-grown 
GaA.s.  GaSb.  and  AlSb.  Near  stoichiometric  PbTe 
sublimes  predominantly  as  a  molecule,  liberating  a 
Te  dopant  atom  on  the  growing  surface  and  a  Pb 
atom,  which  may  re-evaporate.  In  GaAs.  use  of  an 
elemental  Te  .source  results  in  surface  accumula¬ 
tion  of  Te.  possibly  in  the  form  of  GajTe  or 
Cia  ,Te,.  which  tends  to  complicate  growth  []].  Use 
of  a  PbTe  dopant  source  still  resulted  in  Te  surface 
accumulation  and  de.sorpiion  at  growth  tempera¬ 
tures  above  570  °C  [2],  Lead  appears  to  have 


negligible  incorporation  efficiency  in  GaAs  at 
typical  MBE  growth  temperatures  >  480°  C  (2.3). 
The  use  of  PbTe  .source  material  alloyed  with 
about  10%  elemental  Pb  appears  to  alleviate  the 
problem  of  Te  surface  accumulation,  since  it  re¬ 
duces  the  residual  amount  of  Te;  which  sublimes 
from  PbTe  [3.4],  This  results  in  an  atomic  Pb  flux 
which  is  only  a  factor  of  2  less  than  the  PbTe  flux. 
However,  this  is  not  a  problem,  with  apparently 
complete  thermal  desorption  of  Pb  from  a  GaAs 
surface  [3], 

These  encouraging  results  led  naturally  to  the 
evaluation  of  PbTe  as  an  n-type  dopant  for  the 
antimonides  GaSb  and  AlSb  [2.5],  In  GaSb.  it 
appears  that  Te  (from  a  PbTe  source)  does  not 
surface  accumulate.  This  behavior  differs  from 
that  of  Te  in  GaAs.  apparently  because  of  atomic 
size  effects  [2],  In  GaSb.  Te  de.sorption  has  been 
measured  above  500-540  °C  12.5).  By  contrast.  Te 
incorporation  in  AlSb  decrea.ses  at  low  tempera¬ 
tures,  possibly  because  of  solid  solubility  limita¬ 
tions.  The  free  electron  concentration  in  PbTe- 
doped  GaSb  is  generally  lower  than  would  be 
obtained  if  all  incident  Te  at  the  growth  surface 
resulted  in  a  free  electron.  Pb  was  not  clearly 
detected  in  GaSb  doped  from  an  apparently 


(8)22-0248/91 /$03,50  '  1991  -  F.l.sevier  Science  Puhli.shcrs  B.V.  (North-Holland) 


D.L  Partin  et  al.  /  InSb  doped  with  PhTe  grown  by  MBE 


615 


stoichiometric  PbTe  source  oven  [2],  but  was 
clearly  observed  in  GaSb  which  was  heavily  doped 
with  a  Pb-rich  PbTe  source  oven  [5], 


2.  Experiment 

The  encouraging  results  obtained  in  PbTe- 
doped  GaSb  and  AlSb  led  us  to  evaluate  PbTe  as 
a  dopant  source  for  MBE-grown  InSb.  These  stud¬ 
ies  were  done  in  a  Physical  Electronics  Model  400 
MBE  system  which  was  previously  used  to  grow 
Pb,_,Eu^Se,Te, for  long  wavelength  diode 
lasers  [6].  The  main  source  ovens  previously  used 
contained  PbTe,  PbSe,  Eu.  and  Te.  A  new  stain¬ 
less  steel  cryoshroud  surrounding  the  source  ovens 
was  installed,  and  new  source  ovens  for  In  and  Sb 
were  used.  The  Sb  source  oven  was  not  equipped 
with  a  cracker,  and  hence  its  flux  was  mainly 
composed  of  Sb4.  The  PbTe  was  compounded 
from  6-9's  pure  Pb  and  Te  in  a  quartz  ampoule  at 
975  °  C.  The  compounded  ingot  was  then  heated  in 
a  thermal  gradient  to  drive  off  relatively  volatile 
impurity  species.  This  left  the  maicrial  slightly 
Pb-rich,  but  still  single  phase  PbTe.  From  thermo¬ 
electric  voltage  measurements,  it  was  estimated 
that  the  PbTe  contained  a  Te  vacancy  concentra¬ 
tion  of  <  10"* cm"’.  However,  during  sublimation 
in  the  MBE  source  oven,  the  surface  composition 
of  the  PbTe  shifts  to  give  congruently  evaporating 
material  [7].  Our  starting  material  was  probably 
sufficiently  near  to  the  stoichiometric  composition 
that  a  congruently  subliming  vapor  was  achieved. 
Others  who  use  ~  10%  Pb-rich  material  have  a 
two  phase  mixture.  With  relatively  little  material 
sublimed  for  dopant  studies,  they  would  presuma¬ 
bly  obtain  a  Pb-rich  and  Tej-deficient  flux,  just  as 
they  desired. 

Semi-insulating,  iron-doped,  (100)  oriented  InP 
substrates  [8]  were  used  for  InSb  film  growth. 
Earlier  studies  indicated  that  it  was  somewhat 
more  straightforward  to  obtain  high  electron  mo¬ 
bilities  in  MBE-grown  InSb  films  grown  on  these 
substrates  than  on  GaAs  substrates  [9].  After  etch¬ 
ing  the  InP  substrates  in  a  dilute  bromine- 
methanol  solution,  the  substrates  were  heated  to 
400  °C  in  an  Sb4  flux.  We  note  that  in  the  previ¬ 
ous  study  of  InSb/lnP,  thermal  oxide  desorption 


was  done  in  the  more  conventional  arsenic  flux. 
Our  procedure  gave  a  streaked  RHEED  pattern, 
and  an  Auger  electron  spectroscopy  (AES)  study 
of  the  resultant  surface  (using  an  AES  instrument 
attached  to  the  MBE  system)  showed  that  some 
surface  oxide  was  still  present.  The  same  sample 
was  then  briefly  heated  to  460  °C  in  an  Sb4  flux. 
The  resultant  AES  spectrum  showed  little  or  no 
oxygen.  However,  the  RHEED  streaks  were  less 
clear,  and  InSb  films  grown  on  this  surface  had 
somewhat  lower  electron  mobilities  than  films 
which  were  grown  on  InP  surfaces  which  were 
preheated  at  400  °  C. 

The  In,  Sb,  and  PbTe  fluxes  were  measured 
before  and  after  growth  using  a  water-cooled 
quartz  crystal  deposition  monitor  which  could  be 
moved  into  the  sample  growth  position,  thus  giv¬ 
ing  an  absolute  flux  measurement  in  the  absence 
of  re-evaporation  phenomena.  The  (atomic)  Sb/In 
flux  ratio  was  adjusted  to  1.15  before  growth. 
Growth  was  abruptly  initiated  at  360  °C  and  a 
growth  rate  of  0.9  iim/h.  These  conditions  were 
held  constant  during  growth. 

3.  Transport  studies 

Our  initial  attempts  to  grow  undoped  InSb 
films  resulted  in  heavily  n-type  material  (n  =  1  X 
10"‘cm"  ’).  as  determined  by  Van  der  Pauw  mea¬ 
surements.  After  growing  many  films  (encompass¬ 
ing  4  reloads  of  the  In  and  Sb  ovens),  the  back¬ 
ground  free  electron  density  at  3(X)  K.  dropped  to 
(4-5)  X  10"’  cm"  ’.  We  then  analyzed  these  films 
with  a  secondary  ion  mass  spectrometer  (SIMS) 
[10],  and  found  that  the  main  impurity  was 
selenium.  This  implies  that  a  residual  background 
existed  inside  the  MBE  machine  due  to  the  previ¬ 
ously  evaporated  PbSe.  and  that  it  was  gradually 
becoming  coated  with  In  and  Sb.  Apparently,  the 
higher  vapor  pressure  of  Se  compared  to  Te  is  the 
reason  for  the  appearance  of  Se  as  the  residual 
background  donor.  However,  additional  growths 
failed  to  further  reduce  the  electron  density.  SIMS 
analysis  of  the  Sb  source  material  (SbA)  revealed 
(in  units  of  counts  per  second)  **'’Se  (37)  and  '"'’Te 
(2).  This  led  us  to  evaluate  another  Sb  source 
(SbB).  SIMS  analysis  of  SbB  showed  that  it  had 
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Fig.  1.  Eleciron  densities  («)  of  PbTe-doped  InSb  versus 
temperature. 


"'S  (5)  and  no  Other  impurities,  especially 
donors  (Si,  Sn,  Te.  and  Pb)  were  sought  but  not 
found.  These  data  cannot  be  readily  quantified, 
since  the  relative  sensitivity  factors  in  an  Sb  ma¬ 
trix  are  not  known.  Our  most  recent  growths  using 
SbB  give  a  room  temperature  carrier  density  of 
1.9  X  10^''  cm  ’  and  a  mobility  of  63.000  cm’  V“’ 
s  '  for  a  film  5.0  /im  thick.  Since  the  intrinsic 
carrier  density  in  InSb  at  room  temperature  is 
-  2  X  10'*'  cm  ’.  the  films  are  intrinsic  at  this 
temperature.  At  77  K.  n  =  1.24  x  lO'^  cm  '  and 
the  mobility  is  99,(X)0  cm’  V  '  s  '.  All  other 
growths  of  PbTe-doped  InSb  reported  in  this  paper 
were  done  using  SbA  with  a  background  electron 
density  of  (4-5)  x  10"’  cm  '. 

Six-probe  DC  Hall  effect  measurements  were 
made  on  PbTe-doped  .samples  at  temperatures 
from  25  to  370  K  in  magnetic  fields  from  0.25  to  2 
T.  The  samples  with  donor  concentrations  above 
1  X  10'’cm  '  showed  little  intrinsic  magnetoresis¬ 
tance.  and  had  a  constant  Hall  coefficient.  Carrier 
densities  and  mobilities  are  .shown  in  figs.  1  and  2. 
respectively,  as  measured  in  fields  up  to  0.25  T. 
For  all  samples,  even  the  highest  doped  one,  the 
mobility  decreases  as  the  temperature  is  increased. 

The  free  electron  concentration  versus  tel¬ 
lurium  concentration  is  shown  in  fig.  3.  The  tel¬ 
lurium  concentration  was  calculated  under  the 
following  conditions.  (I )  Our  PbTe  .source  material 
sublimes  mainly  as  a  molecule  (which  has  been 
verified  by  observations  with  a  quadrupole  mass 


Fig.  2.  Eleciron  mobilities  (g)  of  PbTe-doped  InSb  versus 
temperalure.  Samples  are  identified  by  the  same  symbols  as  in 
fig.  1. 


spectrometer).  (2)  The  PbTe  flux  incident  upon 
the  quartz  crystal  deposition  monitor  has  unity 
deposition  coefficient.  This  has  been  verified  by 
PbTe  film  thickness  measurements  during  previ¬ 
ous  PbTe  film  growths.  (3)  All  PbTe  molecules 
incident  upon  the  InSb  surface  dissociate  into  Te 
atoms  which  are  incorporated  into  the  InSb  lattice 
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TELLURIUM  CONCENTRATION  (Nj,.  enfS) 

Fig.  3.  Free  eleciron  conceniralion  versus  tellurium  concentra- 
lion  in  InSb  films  ai  3()0  K.  The  “background"  eleciron 
concentration  at  3(X)  K  in  these  experiments  was  5x10*^' 


D.L.  Partin  et  at.  /  InSh  doped  with  PbTe  grown  by  MBE 


617 


(presumably  as  single  donors  on  Sb  lattice  sites), 
and  into  Pb  atoms  which  re-evaporate.  These  as¬ 
sumptions  are  also  consistent  with  our  data,  since 
the  free  electron  density  is  equal  to  the  calculated 
tellurium  concentration  plus  the  background  den¬ 
sity  (see  fig.  3).  This  differs  from  the  case  of 
PbTe-doped  GaSb,  where  only  about  half  of  the 
incident  flux  incorporates  into  the  film  [2].  Even 
more  interesting  is  the  fact  that  free  electron  con¬ 
centrations  up  to  10”  cm”’  were  obtained  with 
unity  dopant  utilization  in  our  InSb  films.  Com¬ 
parable  PbTe  fluxes  gave  a  saturated  free  electron 
concentration  of  -  2.5  x  10'*  cm’’  in  GaSb,  and 
lower  PbTe  fluxes  were  not  proportional  to  the 
free  electron  concentrations. 

The  fact  that  tellurium  donors  are  fully  ionized 
at  concentrations  of  lO''*  cm”  '  implies  that  the 
tellurium  donor  level  is  located  high  in  the  con¬ 
duction  band  and  not  just  below  the  conduction 
band  edge  as  in  GaAs  and  GaP  [11].  This  is 
consistent  with  the  fact  that  Te  has  zero  ionization 
energy  in  InSb  [12]. 

The  .100  K  electron  mobilities  of  these  PbTe- 
doped  films  are  shown  in  fig.  4.  The  horizontal 
axis  is  given  as  “net  donor  concentration”.  This  is 
done  so  that  mobility  values  for  bulk  crystals 
doped  below  the  intrinsic  carrier  concentration  of 
2  X  lO'^'  cm"’  can  be  .shown.  The  concentrations 
shown  for  films  doped  with  Te  and  Se  are  actually 
free  electron  concentrations  measured  with  the 
Van  der  Pauw  technique  at  300  K.  The  difference 
between  the  net  donor  and  free  electron  con¬ 


Fig.  4.  F.lectron  mobility  versus  net  donor  concentration  in 
InSb  films  doped  with  (Pb)Te  or  from  Se  in  the  background 
vacuum  at  300  K. 


centrations  is  only  significant  near  the  intrinsic 
concentration.  An  experimental  curve  for  bulk 
InSb  are  also  shown  for  comparison.  Some  of  our 
earlier,  unintentionally  Se-doped  films  are  also 
shown.  All  of  the  PbTe-doped  films  are  only  1  /im 
thick.  The  electron  mobilities  of  the  PbTe-doped 
and  Se-doped  films  are  comparable,  and  approach 
the  mobilities  of  bulk  InSb  crystals.  Since  the 
group  VI  dopants  Se  and  Te  generally  reside  only 
on  the  group  V  sublattice  in  these  compounds,  it 
is  not  unexpected  that  near  bulk-like  mobilities 
may  be  attained  with  them. 


4.  Auger  studies 

As  di.scussed  in  the  introduction.  Te  surface 
accumulation  has  been  observed  in  MBE-grown, 
PbTe-doped  GaAs  (and  possibly  in  AlSb  [5])  but 
not  in  GaSb.  In  our  ca.se,  InSb  films  were  studied 
with  Auger  electron  spectroscopy  (AES)  im¬ 
mediately  after  growth  without  breaking  UHV 
vacuum.  The  main  Te  AES  peaks  have  energies 
near  those  of  Sb.  but  we  estimate  our  sensitivity  to 
Te  on  an  InSb  surface  to  be  -  0.02  monolayer. 
The  AES  spectrum  of  a  film  doped  at  =  1  x 
lO’’’  cm  ’  was  identical  to  the  spectrum  of  an 
undoped  film.  Hence,  within  the  sensitivity  limita¬ 
tion  of  AES.  no  Te  surface  accumulation  is  ob¬ 
served.  No  lead  was  observed  on  the  surface  either, 
with  an  estimated  sensitivity  of  ~  0.05  monolayer. 
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The  appUcation  of  SnTe  as  a  tellurium  source  of  donor  impurities  in  the  growth  of  n-type  GaSb  by  molecular  beam  epitaxy 
(MBE)  is  investigated.  We  obtained  Hall  carrier  concentrations  ranging  from  1 .23  X 10’*’  to  3.7  X  lO"*  cm '  '.  At  a  growth  temperature 
of  500°C,  the  estimated  donor  concentrations  are  proportional  to  the  arrival  rate  of  the  molecular  dopants  up  to  3  x  10'*  cm 
Room-temperature  Hall  mobilities  as  high  as  5114  citr/V-s  were  measured  for  a  GaSb  layer  with  nH  =  3.8x10'*’  cm  These 
results,  coupled  with  the  insensitivity  of  the  electron  concentration  to  the  Sbj/Ga  flux  ratio,  at  a  growth  temperature  of  S(X)‘’C.  may 
lead  to  SnTe  being  one  of  the  donor  dopants  of  choice  in  the  MBE  growth  of  n-type  GaSb. 


1.  introduction 

Semiconductor  IIl-V  compounds  containing 
antimony  are  promising  materials  for  optical  de¬ 
vices  in  the  spectral  region  1.3-1.7  /im  grown  by 
molecular  beam  epitaxy  (MBE)  (1).  In  these  de¬ 
vices.  a  controllable  n-type  doping  of  MBE-grown 
GaSb  is  required.  Unintentially  doped  GaSb  is 
p-type  and  the  common  n-dopants  used  for  lII-V 
MBE  (silicon  and  tin)  are  amphotenc  and  lead  to 
heavily  compensated  p-type  epilayers  in  GaSb  [2]. 
A  group  VI  element  such  as  Te  is  required  for 
n-doping  in  GaSb.  Yano  et  al.  (3)  have  used  the 
elemental  Te  and  achieved  satisfactory  n-typed 
doping  up  to  1.7  X  lO'*  cm  ’.  However,  the  ele¬ 
mental  Te  has  high  vapor  pressure  to  cause  con¬ 
siderable  concern  about  possible  memory  effects 
and  complicated  reactions  with  Ga  [4].  A  number 
of  workers  have  investigated  the  use  of  compound 
sources  Ga^Te,  [5],  PbSe  [6],  PbTe  [7].  Sbje,  [8] 
and  an  electrochemical  cell  of  Ag2S  [9]  to  alleviate 
the  above  negative  effects.  However,  problems 
such  as  limited  carrier  concentrations,  significant 
lead  incorporation  and  doping  incorporation  inef¬ 
ficiency  for  growth  temperature  above  500  ^  C  still 
remain.  It  is  the  purpose  of  this  work  to  investi¬ 
gate  the  incorporation  of  Te  in  GaSb  by  using  the 
alternative  compound  source  SnTe.  For  the  SnTe 


source,  measurements  using  the  quadrupole  mass 
analyzer  indicate  that  it  evaporates  predominantly 
as  the  molecular  species  (i.e.  SnTe)  [10],  This  helps 
prevent  a  surface  reaction  between  the  elemental 
Te  and  Ga  at  the  surface  forming  gallium  telluride 
(Ga2Te  or  Ga2Te,)  [4,12].  which  may  complicate 
the  growth.  This  paper  describes  the  incorporation 
of  Te  in  GaSb  using  a  SnTe  source.  In  addition, 
the  effects  of  the  MBE  growth  conditions  such  as 
the  antimony-to-gallium  flux  ratio  on  Te  incorpo¬ 
ration  in  GaSb  are  investigated. 


2.  Experiment 

The  GaSb  layer  was  grown  on  a  Cr-doped 
semi-insulating  GaAs  (100)  substrate  in  Riber- 
2300  MBE  system,  which  has  been  reported  previ¬ 
ously  [11],  The  sources  used  were  Ga,  Sb4.  and 
SnTe.  The  GaSb  epitaxial  layers  were  grown  at 
500  °C  and  a  growth  rate  of  0.5  pm/h  with  a 
beam  equivalent  pressure  (BEP)  ratio  of  Sb4  to  Ga 
of  about  2,  an  optimal  growth  condition  found  for 
the  GaSb  layer  in  our  system.  This  flux  ratio, 
corresponding  to  the  lowest  ratio  to  maintain  a 
Sb-stabilized  3x1  surface  reconstruction,  has 
been  found  to  give  rise  to  the  highest  crystal 
quality  at  each  deposition  temperature  [13],  As 
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soon  as  the  growth  of  GaSb  was  initiated,  the 
reflection  high  energy  electron  diffraction 
(RHEED)  pattern  turned  spotty,  indicating  three- 
dimensional  nucleation  due  to  the  large  lattice 
mismatch  (7%)  between  GaAs  and  GaSb.  How¬ 
ever,  the  RHEED  patterns  recovered  within  about 
10  nm  thick  growth  of  GaSb  to  show  a  streaky 
3x1  reconstruction.  The  unintentionally  doped 
GaSb  layers  were  p-type  with  a  typical  carrier 
concentration  of  (0.9-2)  x  10'^  cm”’  and  a  room 
temperature  mobility  of  (0.6- 1.1)  x  lO’cm’/V  •  s. 
All  grown  layers  had  smooth  mirror-like  surfaces 
with  morphologies  almost  as  good  as  GaAs 
homo-epitaxial  layers  seen  under  the  phase  con¬ 
trast  microscope.  For  the  growth  of  Te-doped 
GaSb  layers,  the  operation  temperature  range  of 
SnTe  source  was  between  2(K)  and  350  °C.  Ohmic 
contacts  were  made  by  alloying  Sn  dots  to  low- 
doped  n-type  GaSb  layers.  Ohmic  contacts  to 
undoped  p-type  and  highly  doped  n-type  layers 
were  obtained  by  alloying  In  dots. 


3.  Results  and  discussion 


i 


The  electrical  properties  for  2  fim  thick  GaSb 
layers  doped  with  Te  were  obtained  from  Hall 
measurements  at  room  temperature  and  77  K.  A 
wide  range  of  Hall  concentrations  from  1.0  X  10'*’ 
to  3.7x10"*  cm”  '  is  obtained  by  varying  the 
SnTe  source  temperature,  indicating  the  effective- 
ne.ss  of  the  controlled  n-type  doping  by  SnTe 
source.  It  should  be  noted  here  that  the  measured 
Hall  concentration,  particularly  at  room  tempera¬ 
ture,  is  not  considered  to  be  the  total  free  carrier 
concentration.  To  analyze  our  Hall  measurement 
results,  a  two-conduction  band  model  is  required. 
According  to  Sagar  [14],  the  L- valleys  of  GaSb, 
which  have  a  high  density  of  states  and  a  low- 
mobility,  lie  very  close  in  energy  to  the  central 
/'-minimum.  The  measured  Hall  concentration  is 
weighted  average  of  the  F-valley  and  L- valley 
mobility.  Therefore,  the  Hall  measurement  will 
underestimate  the  total  carrier  concentration,  par¬ 
ticularly  so  at  high  temperature  due  to  more  car¬ 
riers  transferring  to  the  upper  band  [6J.  The  total 
electron  concentration  is  closer  to  the  measured 
Hall  concentration  at  lower  temperatures.  There¬ 


fore,  the  total  donor  concentration  was  estimated 
by  adding  the  measured  Hall  concentration  at  77 
K  to  the  estimated  acceptor  background  con¬ 
centration  (10'*’  cm”-').  An  Arrhenius  plot  of  the 
estimated  donor  concentration  as  a  function  of 
SnTe  source  temperature  is  shown  in  fig.  1.  Also 
included  in  fig.  1  is  the  dash  line  representing  the 
vapor  pressure  of  SnTe  from  a  previously  reported 
value  (1.99  ±  0.11  eV)  of  the  enthalpy  of  sublima¬ 
tion  [lOj.  The  values  of  the  donor  concentrations 
estimated  in  a  way  described  above  lie  reasonably 
close  to  this  line  for  w  <  3  x  10"* cm”'.  Therefore, 
at  a  growth  temperature  of  500 ‘’C  used  in  the 
present  work,  the  observed  donor  level  is  simply 
proportional  to  the  arrival  rate  of  the  molecular 
dopant  species  up  to  about  n  <  3  x  10"*  cm”’. 
Beyond  this  doping  level,  the  dopant  incorpora¬ 
tion  efficiency  saturates,  as  shown  in  fig.  1.  This 
dopant  saturation  level  is  much  higher  than  4  x 
lO"’  cm  '.  the  highest  level  achievable  for  n-type 
GaSb  by  using  H,S  [15]  under  practical  MBE- 
growth  conditions.  A  similar  doping  saturation 
level  (3  X  10"*  cm”  ')  in  n-type  GaSb  was  ob¬ 
served  previously  by  using  PbTe  [7],  Ga;Tej  [5] 
and  Sb;Te,  [8], 

The  measured  Hall  mobilities  both  at  room 
temperature  and  77  K  for  n-type  GaSb  layers  are 
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Fig,  I .  Arrhenius  plot  of  ihe  donor  concentration  as  a  function 
of  SnTe  source  temperature.  The  donor  concentration  is  esti¬ 
mated  by  adding  the  Hall  concentration  at  77  K  to  the  esti¬ 
mated  acceptor  background  concentration  (lO'*  cm”').  The 
dashed  line  represents  the  vapor  pressure  of  SnTe  with  the 
literature  value  (1.99±0.1 1  eV)  of  the  enthalpy  of  sublimation. 
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shown  in  fig.  2  against  room-temperature  Hall 
concentrations.  Mobilities  shown  in  fig.  2  have  not 
been  corrected  from  the  two-band  model.  The 
thickness  of  the  GaSb  layer  is  2  /im.  Room-tem¬ 
perature  mobility  as  high  as  5114  cm’/V  •  s  was 
measured  for  a  GaSb  layer  with  =  3.8  x  10'* 
cm“’.  The  mobilities  were  reduced  to  4200  and 
2770  cm^V  •  s  for  =  6.5  X  10'*  and  =  4  x 
lO'^cm”  ',  respectively.  Also  included  in  fig.  2  are 
some  previously  reported  results  of  MBE-grown 
GaSb  films  using  other  dopant  sources.  Our  mea¬ 
sured  mobilities  are  compared  favorably  to  tho.se 
from  previous  reports,  indicating  good  quality  of 
the  grown  layers.  Similar  to  the  previous  reports 
for  n-type  GaSb.  the  mobilities  at  77  K  are  only 
slightly  higher  than  those  at  room  temperature, 
suggesting  that  ionized  impurity  scattering  domi¬ 
nates  throughout  the  temperature  range  measured. 
A  considerably  low  mobility  was  observed  for  a 
GaSb  layer  when  doped  with  Te  higher  than  the 
saturation  level. 

The  effects  of  the  Sb4:Ga  flux  ratio  on  the 
incorporation  of  Te  in  GaSb  are  investigated.  Fig. 
3  shows  the  measured  Hall  concentrations  for 
several  GaSb  layers  grown  with  different  Sb4/Ga 
flux  ratio.  The  growth  temperature  was  kept  con¬ 
stant  at  500  °C.  The  SnTe  source  temperature  was 
fi.xed  at  260  °C  to  given  an  electron  concentration 
around  mid-lO'*  cm^'  as  determined  in  fig.  1.  It 
can  be  seen  that  for  the  range  of  Sb4/Ga  flux 
ratio  studied  (beam  equivalent  pre.ssure  ratio  from 


Fig.  2.  Hall  mobiliiies  against  carrier  concentrations  for  n-type 
GaSb  layers  both  at  300  and  77  K.  The  thickness  of  the  GaSb 
layer  is  2  gm. 


Fig.  3.  Rixim-temperature  Hall  concentration  and  mobility  for 
n-type  GaSb  layers  versus  the  Sb4/Ga  beam  equivalent  pres¬ 
sure  used  for  the  GaSb  growth  at  a  substrate  temperature  of 
500  °C. 


2  to  9),  the  measured  Hall  concentration  is  insen¬ 
sitive  to  the  Sb4/Ga  flux  ratio,  indicating  a  con¬ 
trollability  for  Te  doping  using  SnTe.  Except  for 
one  sample,  the  variation  of  rt^  from  the  average 
value  is  only  about  1.5?.  a  value  within  the  meas¬ 
urement  uncertainty.  The  largest  deviation  of  Wh 
(about  16%)  for  the  sample  grown  with  Sb4/Ga  = 
5.8  is  probably  due  to  a  variation  of  the  substrate 
growth  temperature.  A  decrease  in  Te  incorpora¬ 
tion  in  GaSb  using  Sb^Te,  source  has  been  ob¬ 
served  (up  to  a  factor  4)  at  a  growth  temperature 
of  560  °C  [8].  This  insensitivity  of  Te  incorpora¬ 
tion  in  GaSb  to  Sb4/Ga  flux  ratio  is  in  contrast  to 
the  result  reported  by  Poole  et  al.  [9]  for  sulphur 
doping  in  GaSb.  They  reported  that  the  incorpo¬ 
ration  of  Sulphur  increa.ses  by  a  factor  of  3  on 
changing  the  Sb4/Ga  flux  ratio  from  1:1  to  4:  1. 
As  shown  in  fig.  3.  the  highest  mobility  was  ob¬ 
tained  for  the  GaSb  layer  grown  with  the  lowest 
Sb4/Ga  flux  ratio  (BEP  =  2)  at  a  growth  tempera¬ 
ture  of  500  °C.  This  flux  ratio,  corresponding  to 
the  lowest  ratio  to  maintain  a  Sb-siabilized  surface 
reconstruction,  is  found  to  give  rise  to  the  highest 
crystal  quality. 


4.  Summary 

The  Te  incorporation  in  MBE-grown  GaSb 
layers  using  SnTe  .source  is  investigated.  A  wide 
doping  range  from  1.23  x  10'*  to  3.7  X  lO"*  cm  ' 
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has  been  obtained  by  varying  SnTe  source  temper¬ 
ature.  High  room- temperature  Hall  mobilities 
above  5000  cm^/V  •  s  are  obtained  for  the  low- 
doped  GaSb  layers.  These  results,  coupled  with 
the  insensitivity  of  the  electron  concentration  to 
the  Sb4/Ga  flux  ratio,  at  a  growth  temperature  of 
500  °  C,  may  lead  to  SnTe  being  one  of  the  donor 
dopants  of  choice  in  the  MBE  growth  of  n-type 
GaSb. 
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Transport  properties  of  heterostructures  based  on  GaSb,  InAs 
and  InSb  on  GaAs  substrates 

P.N.  Uppal,  D.M.  Gill,  S.P.  Svensson  and  D.C.  Cooke 

Martin  Marietta  Laboratories,  1450  S.  Rolling  Road,  Baltimore,  Maryland  21227-3898,  USA 


We  have  grown  heterostructures  based  on  low  band-gap  channels  of  Gaj5ln2-xSb  (x  =  0.5)  and  InAs^^Sbj  _  ^  (x  =  0.4-1)  alloys, 
and  characterized  them  using  Hall  measurements.  For  barrier  layers,  we  used  Al,Inj  _,Sb  (x  =  1-0.5),  with  a  composition  chosen  to 
be  closely  lattice  matched  to  the  channel  layers,  Ga,In|_,Sb  and  InAs,Sbi„,.  We  also  grew  a  AI,Ga,^jAs/GaAs^Sb,_^,/GaAs 
pseudomorphic  heterostructure,  which  is  an  analog  of  the  In^^Gai.^As  pseudomorphic  MODFET.  In  the  case  of  Al^In^_,Sb/ 
Ga,lni_^Sb  and  Al^Ini  _^Sb/lnAs,Sbi  _  ^  heterostructures,  the  barrier  layers  were  undoped  but  we  observed  two-dimensional 
electron  densities  of  about  7x  10**  to  2x  10'^  cm”‘  at  300  K.  For  the  AlSb/lnAs  and  Alo7lno  >Sb/Gat)7lno3Sb  heterosiructures, 
the  300  K  mobilities  were  24,000  and  3000  cmVV  s,  respectively.  Mobilities  for  the  Al  ^lnj  _  ,Sb/InAs_,Sbj  _  ,  heterostnictures  were 
around  12,000  cmV^  s.  Hall  measurements  on  the  AI^Gai_,As/GaAs^.Sb|.,/GaAs  heterostructures  indicated  2D  electron 
densities  of  3x10**  cm"*  and  mobilities  of  3.000  cmVV  s.  These  results  indicate  the  potential  of  the  Al^Inj  _^Sb/InAs^Sbi  _ , 
(  v  s  0.4)  heterostructures  to  be  used  as  high-speed  MODFETs  and  of  the  Al  ^Ga,  .  ^As/GaAs^Sbj.^  /GaAs  heterostructures  to  be 
used  as  power  MODFETs. 


1.  Introduction 

In,Ga,.,As  pseudomorphic  MODFETs  on 
GaAs  yield  higher  performance  than  conventional 
GaAl/Al  ^Ga,  _ ,  As  MODFETs  due  to  a  higher 
2D  electron  density  and  a  higher  electron  velocity 
(1).  ln,Ga,_,As  lattice-matched  to  InP  produces 
the  best  performance  to  date  of  any  MODFET  [2], 


but  from  the  point  of  view  of  device  processing, 
having  such  a  MODFET  on  a  GaAs  substrate 
would  be  the  most  desirable.  GaAs  is  preferred 
because  its  processing  technology  is  much  further 
advanced  than  that  for  InP.  and  GaAs  substrates 
are  much  higher  in  quality  and  have  higher  mech¬ 
anical  strength  than  InP  substrates. 

Because  it  is  clearly  better  to  use  a  larger  (pure 


Table  I 

Transport  data  for  Ill-V  compounds 


Material 

Lattice 

constant 

(A) 

Energy  gap 
at  300  K 

<eV) 

Electron 
mobility 
at  300  K 
(cmVV  s) 

r-L 

Spacing 

(eV) 

Specific 

electron 

mass 

Coefficient  of 
thermal 

expansion 

(K  ') 

GaAs 

SI  substrate 

5.65 

1.42  (direct) 

8000 

0.3 

0.068 

5.93x10*^ 

InP 

SI  substrate 

5.87 

1.35  (direct) 

5000 

0.6 

0.067 

4.5  XIO'" 

AlSb 

6.11 

1.7  (indirect), 

2.22  (direct) 

200 

0.33 

5  xlO  *’ 

GaSb 

6.09 

0.7  (direct) 

5000 

0.15 

0.045 

5.93x10 

InAs 

6.60 

0.36  (direct) 

33000 

0.9 

0.023 

5.19xl0‘* 

InSb 

6.48 

0.17  (direct) 

78000 

1.5 

0.013 

4.90x10"* 

0022-0248/91 /$03.50  ^  1991  -  Elsevier  Science  Publishers  B.V.  (North-Holland) 
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InAs  would  be  preferred)  InAs  mole  fraction  for 
the  In^Ga,^  jAs  channel,  it  would  be  a  major 
technological  step  to  be  able  to  grow  MODFETs 
on  GaAs  with  a  high  InAs  content.  Recently, 
Tuttle  et  al.  [3]  and  Luo  et  al.  [4]  proposed 
AlSb/InAs  MODFETs  and  reported  very  good 
transport  properties  for  this  type  of  heterojunc¬ 
tion.  InAs  and  InSb  offer  substantially  higher 
low-field  mobility,  no  intervalley  scattering,  and 
much  higher  velocity  overshoot  [4].  In  table  1. 
which  shows  some  of  the  material  parameters,  the 
intervalley  (F-L)  InAs  and  InSb  are  seen  to 
possess  very  favorable  transport  properties  for 
MODFETs.  Using  channel  materials  with  very 
narrow  bandgaps  may  lead  to  pinch-off  problems 
in  the  FET.  That  is,  electrons  may  be  excited 
across  the  band  gap,  either  thermally  or  through 
impact  ionization  during  transport  from  source  to 
drain.  Although  we  believe  that  such  effects  will 
be  a  comparatively  small  problem  for  low-noise 
applications  or  digital  circuits,  where  smaller 
accelerating  voltages  are  used,  they  must  be 
studied,  resulting  in  trade-offs  between  narrow 
gap  (mobility)  and  pinch-off  properties.  One 
promising  way  of  increasing  the  effective  bandgap 
of  these  small-gap  materials  is  through  the  use  of 
the  quantum  confinement  effect,  which  increases 
the  energy  of  the  lowest  bound  state.  This  effect 
occurs  because  the  energy  of  the  bound  states  in  a 
quantum  well  is  inversely  proportional  to  the 
quantum  well  width  and  the  carrier  effective  ma.ss. 
The  effective  mass  dependence  makes  the  effect 
stronger  in  InAs  and  InSb  than  in.  e.g.  GaAs. 

In  this  paper,  we  report  on  the  growth  of  new 
MODFET  structures  based  on  GaSb,  InAs,  and 
InSb. 

LI.  Alfia I  ^/GaAs^Shi  ,. / GaA s  .structure 

This  structure  is  the  analog  of  In^Ga,  ,As 
pseudomorphic  MODFET  in  which  the  In, 
Ga,  ,As  pseudomorphic  channel  has  been  re¬ 
placed  by  a  GaAs,Sb,  ,  pseudomorphic  channel. 
GaAs,Sb,  . ,  does  not  offer  any  benefits  over 
ln,Ga,  ,As  in  terms  of  higher  mobility  and 
saturation  velocity,  but  it  does  have  several  other 
advantages:  (1)  the  energy  gap  change  with  alloy 
composition  (for  small  Sb  concentration)  is  much 


doped  GaAs  cap 


doped  Alg  ^As  barrier 
GaASggSbg.,  channel 
GaAs  butler 


GaAs  substrate 


b  i 

o.oaev 

0.l4eV 

X 

1 

1.8eV 
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^  1.24eV 

? 

l.42eV 

GaAs  1 

I 

^  GaASo  gSb^,  ,  J 

1  * 

J 

\ 

0.17 

/ 

0.04 

C  ' 

0.34eV 

O.leV 

1  + 

I.eev 
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Fig.  1.  (a)  Schematic  diagram  of  the  GaA.sSb  HFET  and 
energy  band  diagrams  of  (b)  the  GaAsSb  and  (c)  the  InGaAs 
pseudomorph  HFETs. 


larger  than  that  for  In.Ga,  ,As  [5).  .so  that  a 
deeper  quantum  well  forms  for  a  smaller  change 
in  alloy  composition,  and  (2)  the  conduction  band 
discontinuity  (A£,,)  of  0.14  eV  between  GaAs  and 
GaAs„,Sb„ ,  [6]  is  larger  than  that  between  GaAs 
and  In^  ,5Ga(,ss  As.  resulting  in  better  charge  con¬ 
finement.  higher  charge  transfer,  and  potential 
applications  for  power  FETs.  Fig.  1  shows  the 
energy  band  diagrams  for  the  two  pseudomorphic 
.structures.  Since  the  Al  ,Ga,  „ ,  As/GaAs,Sb,  _ ,/ 
GaAs  device  does  not  offer  better  high-frequency 
or  .switching  operation  than  the  In,Ga,^,As 
MODFET,  its  only  use  would  be  for  power  appli- 
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cations  (because  of  its  higher  2D  charge  density). 
Hall  measurement  results  for  this  heterojunction 
are  presented  later. 

1.2.  A! ^In !  ^  ^Sb / Qairi/ _  ^Sh  and  Al^ln/ ..  ^Sh/ 
InAs^Sh,  structures 

AlJn,_.^Sb  alloys  show  the  highest  rate  of 
change  of  the  direct  energy  gap  with  increasing 
lattice  constant  of  all  III-V  alloys.  Further,  the 
binaries  GaSb  and  AlSb  maintain  a  layer-by-layer 
two-dimensional  growth  on  GaAs  right  from  the 
start  of  growth,  despite  a  large  lattice  mismatch. 
We  observed  the  same  growth  pattern  for  the 
ternaries  Al,In,_,Sb  and  Ga^In,^>Sb.  Because 
very  high  mobilities  have  been  reported  for  InAs 
and  InSb.  we  expected  an  alloy  lnAs,Sb|  ^^  of 
these  two  two  also  possess  these  favorable  proper¬ 
ties. 

doped  GalnSb  cap 

^  doped  AllnSb  barrier 

GalnSb/ltiAsSb 

channel 

AllnSb  buffer 

GaAs  substrate 


Fig.  2  (a)  Schematic  diagram  of  the  tialnSb  and  lnA^Sb 
HF'F.Ts  and  expected  energy  band  diagrams  of  (b)  AllnSb/ 
CialnSb  and  (c)  AllnSb/lnAsSb  structures. 


We  also  preferred  the  Al  ,ln,  _  ^Sb/lnAs,Sb| .  , 
system  (to  the  already  studied  AlSb/lnAs  system) 
because  we  could  controllably  dope  Aljn,  .,Sb 
(for  .V  >  0.5)  with  Si,  which  is  not  possible  with 
AlSb.  We  were  able  to  n-type  dope  Al,ln,_  ,Sb 
for  -v  =  0.5  or  above  with  Si.  below  which  the 
layers  were  p-type  and  compensated.  Since  there  is 
no  high-bandgap  material  that  is  perfectly  lattice 
matched  to  InSb.  we  can  use  an  alloy  of 
Al  ,  ln,  vSb  lattice-matched  to  a  suitable  composi¬ 
tion  of  InAs.Sb,  The  same  argument  can  be 
made  for  the  use  of  Ga  Jn,  .  ,Sb;  its  bandgap  will 
be  much  higher  than  that  of  InAs.Sb,  leading 
to  lower  leakage  currents.  As  another  benefit. 
Ga^ln,  .  ,Sb  will  have  the  highest  hole  mobility  of 
the  111  V  compounds,  although  we  did  not  ex¬ 
plore  any  p-type  MODFETs.  Fig.  2  shows  the 
expected  energy-band  diagrams  for  the  Aljn,  , 
Sb/Ga^ln,  ,Sb  and  Al^ln,  ,Sb/lnA.s,Sb|  , 
structures. 


2.  Experimental 

Ail  the  layers  were  grown  in  a  Perkin-F.imer 
PHI  425B  molecular  beam  ep'iaxy  (MBF.)  mac¬ 
hine  equipped  with  an  ar.senic  cracker.  Sb^  was 
used  for  the  antimonide  layers  and  As,  was  u.sed 
for  layers  containing  arsenides.  GaAs^Sb,  >  layers 
were  grown  at  500  °C.  The  substrate  temperature 
was  450°C'  for  the  growth  of  Ga,ln,  ,Sb  and 
Al^In,  ,.Sb.  480 °C  for  InAs  growth,  and  400 °C 
for  both  InSb  and  lnAs,Sb,  ,  growth.  Most  of 
the  layers  reported  here  were  grown  on  GaA.s(  100). 
although  some  of  the  AlSb/lnAs  heterojunction 
structures  were  grown  on  GaAs(211)B.  Alloy  com¬ 
position  was  determined  by  X-ray  diffraction.  Un¬ 
intentionally  doped  layers  of  AlSb  had  very  high 
resistivity  with  a  p-type  background  of  5  x  lO'"* 
cm  '.  GaSb  layers  were  p-type  with  a  background 
doping  of  1  X  lO''  cm  \  Unintentionally  doped 
layers  of  InAs.  InSb  and  InAs^Sb,  ,  had  an 
n-type  background  doping  of  2  x  10'*’  cm  '.  Ex¬ 
cept  for  the  AI^Ga,  ,As/GaAs,Sb,  ,/GaAs 
structures  all  the  other  layers  were  grown  with  0.5 
gm  AlSb  buffer  layers  followed  by  a  0,5  gm 
Al^ln,  ,Sb  buffer  layer. 
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3.  Results  and  discussion 

}.l.  Al  fia,  _  ^As/GaASySb,  _  ,,/  GaAs  structure 

Hall  measurements  were  made  on  the  pseudo- 
morphic  MODFET  structure  Al,Ga,_j.As/ 
GaAs,,Sb, _,/GaAs,  where  the  Al  mole  fraction 
was  0.26  and  the  Sb  mole  fraction  was  0.15.  The 
Al,Ga,_^As  layer  was  doped  to  2x10’*  cm  * 
and  the  GaAs,.Sb]_,,  thickness  was  chosen  to  be 
150  A;  the  spacer  thickness  was  25  A.  The  Hall 
measurement  results  indicate  that  the  room-tem¬ 
perature  mobility  was  3000  cm*/V  •  s,  which  is 
about  a  factor  of  two  lower  than  that  for  a  com¬ 
parable  pseudomorphic  In,Gai_,As  MODFET 
and  the  carrier  density  was  3  X  lO'^cm”*.  The  2D 
electron  density  was  about  a  factor  of  two  higher. 
These  results  clearly  show  that  the  AE^  of  the 
AlQ26Gao74As/GaASog5Sb(,  ,5  heterojunction  is 
higher  than  that  of  the  AIq  2(,Gao,74  As/ 
ln,|  ijGaiigj  As  heterojunction.  The  results  also  in¬ 
dicate  that  these  devices  can  be  used  for  power 
applications,  which  require  higher  carrier  densi¬ 
ties. 


3.2.  Al^In I  ^  ^Sb / Ga^In ,  ^  ^Sb  and  Al^ln,  _  ^Sb/ 
InAs^Sb,  _  ^  structures 

We  were  able  to  reproduce  the  results  of  Tuttle 
et  al.  (3J  on  the  AlSb/InAs  heterojunctions  for  the 
case  of  undoped  InAs,  as  shown  in  table  2.  The 
undoped  InAs  with  the  so-called  InSb-like  [3] 
interface  had  the  highest  mobility  at  77  K,  al¬ 
though  the  2D  electron  density  is  7  x  10"  cm'*, 
which  may  not  be  very  useful  for  actual  devices. 
To  increase  the  carrier  density,  we  also  doped  the 
InAs  channel  with  Si.  The  2-D  electron  density 
doubled  thereby,  but  the  mobility  at  300  K 
dropped  to  14.000  cm*/V  •  s.  The  carrier  density 
for  an  lnAso7Sbo3  channel  was  about  four  times 
higher  than  that  for  undoped  InAs.  but  the  mobil¬ 
ity  was  lower,  probably  due  to  alloy  scattering. 

Table  2  shows  the  results  for  an  InAs/AlSb 
structure  grown  on  GaAs(211)B.  In  the  case  of  the 
(211)  surface,  there  are  two  Sb  bonds  for  one  Al 
bond,  so  that  the  interface  character  will  be  2/3 
InSb-like  and  1/3  AlAs  like.  Hall  results  confirm 
this  description  by  indicating  mobilities  and  car¬ 
rier  density  numbers  in  between  those  for  an 


Table  2 

Hall  measurement  results  on  AlSb/lnAs/GaAs(l00)  and  AlSb/InAs/GaAs<2ll)B 


Temperature 

(K) 

Carrier  density 
(cm '  ) 

Mobility 

(cmVV-s) 

Results  on  AISb/TnA.s/GaA.s(l(X));  channel  InSb-like 

InAs  undoped 

300 

7  XIO" 

23000 

77 

4  xlo" 

76000 

InAs  doped 

300 

1.4X  10'- 

14000 

77 

9.5x10" 

24000 

InAsoTSb^y  ^  undoped 

300 

2.1X10'* 

9400 

77 

1.5x10'* 

12100 

Result.s  on  AISb/InAs/GaAs(100);  channel  AlAs-like 

InAs  undoped 

300 

9.9x10'* 

510 

77 

3.KX10'* 

825 

Results  on  AISb/lnAs/GaAs(21 1  )B:  channel  InSb-like 

InAs  undoped 

300 

5.4x10'* 

3400 

77 

2  5x10'* 

5750 

“  AlSb/InAs/GaAs(100)  can  have  two  types  of  interfaces  at  the  AlSb/InAs  interface  (see  ref.  (3]),  one  in  which  the  interface  has 
InSb  bond.s  and  the  other  having  AlAs  bonds.  In  the  ca.se  of  AlSb/InAs/GaAs(2n)B,  there  is  a  mixed  interface  because  there  are 
two  Sb  bonds  for  each  Al  bond.  Thus,  the  interface  character  will  he  2/3  InSb>like  and  1/3  AlAs-like. 
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Table  3 

Aln7ln||  ,Sb/InAs,nSb(i ,  Hall  measurement  results 


Channel 

Temperature 

(K) 

Carrier  density 
(cm““) 

Mobility 

(cmVV-s) 

InAsn  iSb,,  J 

300 

3.2xl0‘- 

8100 

77 

2.8x10'^ 

12000 

Ga„7ln,)  ;Sb 

300 

2.8x10" 

3100 

77 

3.0X10" 

4000 

InSb-like  and  an  AIAs-likc  interface  on  (100).  In 
the  case  of  the  Al  Jn,  _  ,Sb/Ga  ,In,  _  ^Sb  struc¬ 
ture.  we  observed  lower-than-expected  mobilities 
(table  3).  whereas  for  the  Al^In,  _,Sb/InAs^Sb,  _  , 
structure,  both  the  charge  density  and  the  mobility 
were  higher.  The  origin  of  electrons  in  these  struc¬ 
tures  is  unclear  because  Si  in  Al,In,_^Sb  and 
Ga,ln|.,Sb  acts  an  acceptor  for  .v-values  less 
than  0.5.  We  believe  that  arsenic  produces  inter¬ 
face  states  or  antisite  defects  in  AlSb  and 
.•M,ln,  ,Sb  which  pin  the  Fermi  level  at  mid-gap 
in  Al,ln,  .  ,Sb.  where  it  is  higher  than  the  bottom 
of  the  conduction  band  of  the  lower  gap  material. 
It  seems  that  the  residual  arsenic  in  the  MBE 
chamber  is  enough  to  cause  these  defects,  as  evi¬ 
denced  by  the  presence  of  electrons  in  the 
.41 , In,  ,Sb/Ga  ^ In,  .  ,Sb  structure. 

It  should  be  noted  ihal  none  of  these  structures 
was  optimized  in  any  sense  and  careful  lattice 
matching  was  not  done.  Nevertheless,  the.se  struc¬ 
tures  show  high  enough  room-temperature  mobili¬ 
ties  and  carrier  densities  to  make  them  promising 
for  future  work.  However,  a  considerable  effort  on 
ohmic  contacts  and  Schottky  barriers  will  be  re¬ 
quired  before  actual  MODFETs  can  be  fabricated 
from  these  structures. 


4.  Conclusions 

(I)  We  have  demonstrated  the  high-quality 
growth  of  pseudomorphic  heterostructures  based 
upon  GaAs,Sb|  The  pseudomorphic  Al, 


Ga,  _  ,As/GaAs,.Sb,  _  ,./GaAs  heterostructures  is 
a  viable  alternative  to  the  widely  studied 
ln,Ga,^, As-based  heterostructures.  The  GaAs, 
Sb|^,, -based  heterostructures  offer  almost  twice 
the  carrier  densities  obtained  in  the  In ,Ga,  ,  As- 
based  heterostructures,  making  it  very  suitable  for 
power  FET  applications. 

(2)  The  InSb-like  channels  in  the  AlSb/InAs 
and  the  Al,In|_,Sb/InAs,Sb,  ,  heterostruc¬ 
tures  offer  very  high  room-temperature  as  well  as 
77  K  electron  mobilities  and  thus  have  potential 
as  very-high-speed  MODFETs.  The  Al,In,  ,Sb/ 
InASjSb,  heterostructures  can  be  modulation 
doped  with  Si  (for  .v  >  0.5).  the  regular  n-type 
dopant  in  MBE.  which  offers  a  controllable 
method  of  doping.  The  AlAs-like  channel  offers 
very  high  carrier  densities  but  very  low  mobilities. 
As  expected,  the  Al,In|_,Sb/Ga,ln,_,,Sb  het¬ 
erostructures  did  not  di.splay  very  high  mobilities. 
The  origin  of  electrons  in  all  these  heterostruc¬ 
tures  is  not  clear  but  it  has  been  speculated  (3) 
that  they  are  due  to  the  pre.sence  of  deep  or 
mid-gap  traps  in  AlSb.  The  same  .seems  to  be  true 
for  the  ca.se  of  Al ,  In ,  ,  Sb. 

(3)  Doping  the  InAs  channel  offers  a  viable 
method  of  increasing  the  carrier  density  in  the 
AlSb/InAs  heterojunctions. 
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CiaA>Sh  InGaA^  superlattices  of  valuing  thickne^^es  have  been  grown  nominally  lattice  matched  to  InP  and  characterised  by 
\-ra\  diffraction,  transmission  electron  microscopy.  Hall  measurement,  and  phololuminescence.  These  structures  exhibit  net  Hall 
electron  densities  of  -5xt0''  cm  '  at  room  temperature.  X-ray  diffraction  results  demonstrate  the  existence  of  an  intrinsic 
interfacial  strain  between  these  two  materials  Low-temperature  photoluminescence  in  the  range  2..^-2.S  gm  is  consistent  with  the 
expected  type  II  band  alignment  in  this  system,  and  allows  determination  of  the  band  offsets  between  these  materials. 


1.  Introduction 

Ga.A.sSb  remains  one  of  the  more  poorly  char¬ 
acterised  of  the  IIl-V  ternary  alloys,  primarily 
due  to  the  difficulty  of  preparing  high  quality 
material.  This  difficulty  stems  mainly  from  the 
fact  that  a  large  miscibility  gap  exists  in  this 
system,  precluding  the  preparation  of  homoge¬ 
neous  alloys  by  equilibrium  techniques  [1],  Recent 
studies,  however,  have  demonstrated  improve¬ 
ments  in  the  quality  of  this  alloy  as  grown  by 
molecular  beam  epitaxy  (MBE)  and  organome- 
tallic  vapor  pha.se  epitaxy,  and  have  elucidated  the 
nature  of  thermodynamic  contributions  to  material 
inhomogeneities  [2-7|,  Relatively  little  work  has 
been  done,  however,  to  characterise  heterojunction 
systems  containing  this  alloy.  We  have  therefore 
undertaken  a  study  of  the  GaAsSb/lnGaAs  sys¬ 
tem  by  examining  nominally  lattice-matched  su¬ 
perlattices  on  InP  substrates, 

2.  F.xpcrimental 

The  GaAsSb/InCjaAs  superlattices  were  grown 
by  M'tF  at  500°C'  on  n  '  or  semi-insulating  InP 


substrates  with  a  thin  ( <  0.5  ^m)  InGaAs  buffer. 
Growth  rates  were  approximately  3.2  and  1,5  A/s 
for  the  InGaAs  and  GaAsSb.  respectively,  and 
total  thickness  of  the  superlattices  was  1.5  jam.  Sb; 
flux  was  supplied  by  a  cracking  cell  consisting  of  a 
pyrolytic  boron  nitride  (PBN)  sublimator  and  a 
tantalum-baffled  PBN  cracking  zone.  AS4  flux 
was  .supplied  by  two  sources  to  allow  for  optimal 
III/V  ratios  for  the  two  different  materials.  Mea- 
.sured  A.S4/Ga  beam  equivalent  pressure  ratios 
were  approximately  13  and  40  for  the  GaAsSb 
and  InGaAs,  respectively.  During  growth.  RHEED 
patterns  displayed  a  2  X  4  reconstruction  for  both 
materials,  with  no  noticeable  change  at  the  inter¬ 
faces. 

The  superlattices  were  characterised  by  300  and 
77  K  Hall  measurement,  cro.ss-sectional  transmis¬ 
sion  electron  micro.scopy,  and  10  K  photolumine.s- 
cence. 

3.  Results 

The  superlattices  had  smooth  surfaces,  with  no 
roughne.ss  detectable  by  pha.se-contrast  optical  mi¬ 
cro.scopy.  but  had  densities  of  oval-shaped  defects 
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on  the  order  of  3  x  10'*  cni“’.  Because  similar 
defects  have  sometimes  been  seen  in  InGaAs  layers 
grown  on  InP,  these  defects  appear  to  originate  at 
the  InP/InGaAs  interface,  and  thus  seem  not  to 
be  intrinsic  to  the  GaAsSb/InGaAs  system.  These 
defects  most  likely  originate  during  the  oxide  de¬ 
sorption  step  of  the  pre-growth  sequence  for  the 
InP  substrate. 

Fig.  1  shows  a  cross-sectional  TEM  photograph 
of  a  portion  of  a  55  A/55  A  superlattice.  No 
dislocations  or  other  defects  were  visible  either  in 
the  superlattice  layers  or  at  the  superlattice/ buffer 
interface,  demonstrating  a  good  lattice  match  of 
the  materials.  The  interfaces  appear  abrupt,  but 
with  a  small  amount  of  roughness.  No  evidence  of 
ordering  or  compositional  inhomogeneity  was  evi¬ 
dent  in  the  GaAsSb  either  in  the  TEM  images  or 
TEM  diffraction  patterns. 

Hall  results  for  the  unintentionally  doped 
structures  showed  net  n-type  conductivity,  with 
electron  concentrations  approximately  5  X  10'-' 


Fig.  1.  Cross-.sectional  transmission  electron  micrograph  of  a 
55  A/55  A  GaAsSb/InGaAs  superlattice. 


Fig.  1.  Low-iemperalure  photoluminescence  spectra  for 
GaAsSb/InGaAs  superlattices  of  various  periods. 


cm’’  at  300  K,  and  mobilities  of  2500-4500 
cm^/V  •  s  for  superlattices  with  periods  from  1 10 
to  330  A.  At  80  K.,  electron  densities  decreased  to 
(2-4)  X 10'^  cm“^.  and  mobilities  were  1600- 
10.000  cm^/V  •  s.  with  shorter-period  superlattices 
exhibiting  the  lower  mobilities.  The  contribution 
of  the  thin  unintentionally  doped  InGaAs  buffer, 
known  to  be  n-type.  was  neglected  in  our  analysis 
of  the  Hall  data. 

Low-temperature  photoluminescence  measure¬ 
ments.  as  shown  in  fig.  2.  reveal  spectra  consisting 
of  a  major  peak  in  the  0,4  to  0.55  eV  range  for 
structures  of  different  periods,  with  a  weak  low- 
energy  shoulder  (evident  only  for  the  55  A/55  A 
structure  in  fig.  2).  This  corresponds  to  an  energy 
considerably  below  the  known  bandgaps  of  either 
material,  in  accordance  with  the  expectation  of  a 
type  II  band  alignment  between  these  materials. 
In  addition,  the  intensity  of  the  luminescence  in¬ 
creases  as  the  superlattice  period  decreases,  due  to 
the  increased  spatial  overlap  of  the  electron  and 
hole  wavefunctions  in  shorter-period  superlattices 
of  the  type  II  alignment.  The  full  width  at  half 
maximum  of  the  luminescence  peaks  is  -  20  meV. 

X-ray  diffraction  rocking  curve  measurements 
revealed  strong  zero-order  peaks  for  the  super¬ 
lattices  slightly  offset  from  the  substrate  and  buffer 
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layer  peaks.  In  some  cases,  the  InGaAs  buffer 
layer  peak  was  sufficiently  displaced  from  the 
substrate  peak  to  be  resolved.  The  InGaAs  com¬ 
position  in  the  superlattice  was  assumed  to  be  the 
same  as  that  of  the  buffer.  Also  resolved  were 
from  7  to  16  superlattice  satellite  peaks  over  the 
3-4  decade  dynamic  range  of  the  measurement. 
Intensities  calculated  in  a  kinematical  diffraction 
model  [8]  were  fit  to  the  (004)  experimental  inten¬ 
sities  to  obtain  the  layer  thicknesses  and  GaAsSb 
composition  and  strain.  Results  of  this  process 
indicated  that  the  GaAsSb  layers  were  under  a 
slight  compressive  strain  (A a/a)  of  less  than  —4 
X  10  ’. 


4.  Discussion 

Conduction  and  valence  band  offsets  for  this 
heterojunction  system  have  been  investigated  pre¬ 
viously  by  Sai-Halasz  et  al.  [9]  with  absorption 
measurements  on  GaAsSb/lnGaAs  superlattices 
and  by  Sugiyama  et  al.  [10]  with  single-barrier 
thermionic  emission  structures.  In  the  work  by 
Sai-Halasz  et  al.,  10  K  measurements  were  per¬ 
formed  on  structures  lattice-mismatched  to  the 
substrate,  from  which  we  derive  an  estimated  In¬ 
GaAs  conduction  band  to  GaAsSb  valence  band 
gap  of  0.23  eV  for  compositions  lattice-matched  to 
InP.  Sugiyama  et  al.  obtained  for  lattice-matched 
structures  a  value  of  0.25  eV  from  measurements 
between  300  and  410  K. 

To  determine  band  offsets  in  these  structures, 
we  have  calculated  n  =  1  transition  energies  for 
GaAsSb/InGaAs  superlattices  of  varying  periods, 
with  equal  layer  thicknesses,  with  the  conduction 
band  offset  between  the  materials  as  an  adjustable 
parameter.  The  model  is  a  three-band  envelope 
function  approximation  [8],  and  layer  thicknesses, 
compositions,  and  strains  were  obtained  from  the 
X-ray  diffraction  modeling  described  below.  In 
contrast  to  systems  where  a  type  I  band  lineup  is 
found,  in  this  type  II  system  the  lowest  subband 
transition  energy  is  a  sensitive  function  of  the 
band  offsets.  Comparison  of  this  model  to  the  10 
K  photoluminescence  peak  energies  determines 
the  conduction  band  discontinuity. 


I 

I 

i 

I 

t 
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Fig.  3.  Modeled  n  =  1  transition  energies  for  GaAsSb/InGaAs 
superlattices  as  a  function  of  period,  with  conduction  band 
discontinuity  energy  K,  as  an  adjustable  parameter.  Experi¬ 
mental  data  are  also  shown. 


Shown  in  fig.  3  are  calculated  and  experimental 
results,  assuming  the  PL  peak  falls  10  meV  below 
the  band-to-band  transition  energy,  for  three  su- 
perlattices.  We  have  assumed  bandgaps  of  0.80 
and  0.81  eV  for  the  GaAsSb  and  InGaAs,  respec¬ 
tively.  The  results  indicate  a  conduction  band 
offset  of  0.37  eV,  with  the  GaAsSb  conduction 
band  higher  in  energy,  which  implies  an  InGaAs 
conduction  band  to  GaAsSb  valence  band  gap  of 
0.43  eV.  This  effective  bandgap  value  is  somewhat 
larger  than  those  obtained  by  either  Sai-Halasz  et 
al.  or  Sugiyama  et  al.  Comparison  with  the  more 
recent  measurements  of  Sugiyama  et  al.  is  difficult 
without  some  knowledge  of  the  temperature  shifts 
of  the  relevant  bands. 

We  have  also  attempted  to  model  the  super¬ 
lattice  atomic  structure  through  a  comparison  of 
X-ray  diffraction  spectra  and  spectra  generated  by 
a  kinematical  diffraction  model.  As  demonstrated 


J.F.  Klem  et  at.  /  Growth  and  properties  of  GoAsSb  /  InGaAs  SLs  on  InP 


631 


•  In  +  Ga 
O  As 
0  Ga 
O  As  +  Sb 
©,(D  As  +  Sb 


[100] 

[0011  Growth  Direction 


Fig.  4.  Schematic  cross-section  of  heterojunction  interfaces, 
showing  interface  atomic  spacings  which  depend  on  composi¬ 
tion  of  group  V  interface  planes. 


for  systems  such  as  InP/InGaAs  [11],  where  su¬ 
perlattice  layers  differ  both  in  the  group  III  and 
group  V  sublattice  species,  interfacial  strain  is 
expected  to  be  present  even  when  the  component 
layers  are  lattice  matched.  This  strain  arises  as  a 
result  of  bonding  of  the  group  III  species  of  one 
layer  with  the  group  V  species  of  the  other,  e.g. 
In-As  and  InGa-P  in  the  case  of  Inp/InGaAs.  or 
Ga-As  and  InGa-AsSb  in  the  present  case.  This 
is  illustrated  in  fig.  4.  The  atomic  spacings  d^ 
through  are  a  function  of  the  group  V  species 
which  occupy  the  interfacial  lattice  positions.  If 
we  assume  that  each  monolayer  of  material  is 
terminated  by  the  correct  group  V  species,  then 
these  interface  planes  are  As  and  50%  As  +  50% 
Sb.  for  transitions  from  InGaAs  to  GaAsSb,  and 
GaAsSb  to  InGaAs,  respectively. 

We  have  examined  various  possible  chemical 
compositions  of  these  group  V  interface  planes 
and  their  resulting  lattice  parameters  in  the  dif¬ 
fraction  model.  The  ideal  interfaces  described 
above  provide  a  relatively  poor  fit  between  calcu¬ 
lated  and  experimental  diffraction  peak  intensities 
as  shown  in  fig.  5  for  “  interface  configuration  No. 
1".  The  best  fit.  as  shown  for  “interface  configura¬ 
tion  No.  2",  results  from  assuming  that  the  inter¬ 
face  group  V  planes  are  As  and  approximately 
83%  As  -F  17%  Sb,  for  transitions  from  InGaAs  to 
GaAsSb,  and  GaAsSb  to  InGaAs,  respectively. 
This  implies  that  atomic  spacings  dj  and  d,  are 
smaller  than  the  spacings  within  either  the  In¬ 


GaAs  or  GaAsSb  layers,  while  d^  is  larger  and  di 
is  the  same.  The  departure  of  the  composition  of 
the  GaAsSb-to-InGaAs  group  V  interface  plane 
from  ideal  can  be  characterised  as  grading,  al¬ 
though  it  is  important  to  realise  the  interface 
strain,  while  modified  by  grading,  is  present  even 
in  the  ideal  case.  The  depletion  of  Sb  from  this 
interface  may  be  related  to  the  increase  in  As 
beam  flux,  which  competes  for  group  V  lattice 
sites,  at  the  beginning  of  the  InGaAs  layer  growth. 

The  fit  of  the  diffraction  model  spectra  to  the 
experimental  data  is  consistently  better,  for  struc¬ 
tures  with  various  periods,  assuming  a  graded 
GaAsSb- to- InGaAs  interface  (83%  As  +  17%  Sb). 
rather  than  an  ideal  interface.  We  estimate  the 
uncertainty  in  interface  composition  as  ±  10% 
mole  fraction.  Some  discrepancies  still  exist  be¬ 
tween  experimental  and  theoretical  data,  however. 
In  most  cases,  the  model  underestimates  the  inten¬ 
sities  of  higher-order  satellites  while  overestimat¬ 
ing  the  intensities  of  the  -Fl  and  -1  satellites. 
The  cause  of  this  disagreement  has  not  been  de¬ 
termined. 


Delta  Theta  (deg) 

Fig.  5.  Experimenial  and  calculated  (004)  X-ray  diffraction 
spectrum  for  a  53  A/55  A  suf>er)attice.  with  calculated  satellite 
intensities  corresponding  to  ideal  and  graded  interface  config¬ 
urations  detailed  in  text. 
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S.  Conclusions 

We  have  investigated  GaAsSb/InGaAs  super- 
lattices  grown  on  InP  substrates  by  molecular 
beam  epitaxy.  These  structures  displayed  low  tem¬ 
perature  photoluminescence  in  the  2.3  to  2.8  fim 
range  which  allowed  determination  of  the  conduc¬ 
tion  band  discontinuity  to  be  made.  We  obtained 
a  value  of  0.37  eV  at  10  K,  which  is  somewhat 
smaller  than  previous  values  obtained  by  electrical 
and  optical  characterisation  of  similar  heterostruc¬ 
tures.  Interfacial  strain  was  demonstrated '  to  be 
present  in  these  structures,  and  a  simple  model 
including  one  monolayer  of  interface  grading  was 
shown  to  provide  a  good  fit  to  X-ray  diffraction 
data. 
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Growth  and  properties  of  InAs^Sb,_,,  AljGai_,Sb, 
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A  senes  of  undoped  InSb  and  InAs^Sbj  ,  layers  were  grown  using  iciramer  Sb4  and  AS4  sources  on  ( l{X))-onenied 
semi-insulating  GaAs  and  InP  substrates  with  different  growth  parameters.  Very  high  electron  mobilities  (70.(XX)  and  IIO.IKX) 
cnr.  V  s  in  InSb  at  300  and  77  K,  respectively)  and  n-lvpe  conductivity  are  obtained  for  all  allov  compositions.  The  flux  ratio 
/*Sh  '’in  played  a  crucial  role  in  determining  the  surface  morphology  and  the  mobility  of  InSb  films.  Barrier  heights  of 
Al  p-Al  ,Ga I  ,  Sb  Schottky  diodes  are  measured  and  are  0.4  eV.  A  300  .\  Si-doped  InAs,,  ,,80,, .  channel  region  sandwiched  between 
undoped  AliuGumSb  buffer  and  gate  barrier  regions  has  g  =  1(X)0  em’/V  s  and  n,  =  5.4  s.  lO'"  cm  ‘  at  300  K.  I  )im  gate  FHTs 
made  with  this  heterostructure  have  shown  a  maximum  extrinsic  g,,,  =  160  mS/mm  and  /,  =  5  (ill/’  al  30(1  k. 


1.  Introduction 

The  Sh-containing  alloys,  and  their  heterostruc- 
tures  are  becoming  increasingly  important  for 
long-wavelength  optoelectronic  and  cryogenic- 
electronic  device  applications.  In  particular,  the 
InAs.Sb,  ,  alloys  produce  the  lowest  bandgap  in 
the  family  of  III  V  compounds.  They  are  there¬ 
fore  suitable  for  detectors  and  sources  operating 
at  wavelengths  in  the  .1  5  )im  and  X  12  jim 
windows  where  the  atmospheric  absorption  gtvs 
to  a  minimum  [1  ,^].  However,  in  the  development 
of  materials  and  heterostructures  for  application 
to  high  speed  and  high  frequency  micrtK’lectron- 
ics.  the  antimony-bearing  compounds  have  lagged 
behind.  There  are  several  rea.sons  for  this.  Lack  of 
suitable  substrates  and  their  large  lattice  mismatch 
to  Oa.As  and  InP  is  one.  The  existence  of  large 
miscibility  gaps  precludes  the  growth  of  high  qual¬ 
ity  materials  at  lower  temperatures  by  equilibrium 
and  non-equilibrium  techniques.  On  the  other 
hand,  becau.se  of  their  low  bandgaps.  the  transport 
properties  are  expected  to  improve  considerably  at 
low  temperatures  and  therefore  these  materials 
and  devices  would  be  important  for  cryogenic- 
applications.  However,  recent  epitaxial  materials 


grown  by  molecular  beam  epitaxy  (MBE)  exhibit 
type  conversion  and  degradation  of  the  transport 
properties  as  the  measurement  temperature  is 
lowered  from  .^00  K  [4-6]. 

InAs.  InSb.  and  their  binary  alloys  have  favora¬ 
ble  transport  properties  compared  to  GaAs  or 
InP.  As  mentioned  above,  they  have  higher  low- 
field  mobility.  In  addition,  the  T-L  and  /’-X 
intervalley  separations  are  about  1  eV  or  larger, 
leading  to  negligible  intervalley  .scattering  and 
higher  peak  veUscities.  This  will  potentially  im¬ 
prove  the  performance  of  submicron  devices  also. 
Therefore,  if  some  of  the  problems  mentioned 
earlier  can  be  alleviated,  one  stands  to  gain  from 
the  superior  materials  characteristics. 

In  this  paper,  we  report  the  grow'th  and  trans¬ 
port  properties  of  InAs^Sb,  ,  heteroepitaxial 
layers,  and  the  characteristics  of  AI.Ga,  ,Sb/AI 
Schottky  diodes.  We  have  also  investigated 
lnAs,Sb|  ,/Al,Ga|  ,Sb  heterostructures  grown 
by  MBE  on  GaAs  and  InP  substrates  for  the 
realization  of  field  effect  transistors  (FETs).  Fi¬ 
nally.  we  report  the  structure  of  InAs^Sb,  >/AI, 
Ga,  ,Sb  heterostructure  field  effect  transistor 
(HFET)  and  its  performances.  The  DC  and  high 
frequency  performance  of  1  fim  gate  FETs  made 
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with  InAsSb/AlGaSb  heterostructures  are  de¬ 
scribed. 

2.  The  growth  and  transport  properties  of 

lnAs^Sb,_jj 

Heteroepitaxial  InAs^Sb,  _  ^  layers  (0  <  jc  <  1) 
were  grown  on  Fe-doped  (100  InP  substrates  and 
semi-insulating  GaAs  (100)  substrates  in  a  Riber 
2300P  MBE  system.  Elemental  arsenic  and  anti¬ 
mony  were  used  as  the  group  V  sources,  producing 
predominantly  AS4  and  Sb4  species.  After  oxygen 
desorption  under  AS4  overpressure  (1.5  x  10' 
Torr),  the  growth  of  InAsSb  was  initiated  as  sub¬ 
strate  temperature  ranging  from  350-500°  C,  as 
measured  by  an  infrared  pyrometer.  The  growth 
rate  varied  in  the  range  0.8- 1.0  iim/h  and  the 
flux  ratio  /Jin  was  varied  in  the  range  of  0.3  to 
4.0.  The  thickness  of  these  directly  grown  layers 
varied  in  the  range  of  1.0-14.0  /tm.  In-situ  ex¬ 
amination  of  the  crystalline  nature  of  growth  was 
done  by  reflection  high  energy  electron  diffraction 
(RHEED)  measurements  with  10  keV  electron 
beams  along  the  (110)  azimuth.  The  observed 
spotty  nature  of  the  RHEED  pattern  at  the  ini¬ 
tiation  of  growth  indicates  a  three  dimensional 
growth  mode  resulting  from  the  large  lattice  mis¬ 
match.  After  growth  of  a  few  hundred  Angstroms, 
the  spots  change  to  streaks  with  a  (1  x  3)  recon¬ 
struction,  indicating  continuous  coverage  and 
smoothening  of  the  growth  front.  Our  observa¬ 
tions  were  essentially  same  as  those  in  previous 
reports  [7]. 

We  have  grown  InSb  films  (1  jim  thick)  on 
(100)  InP  substrates  with  different  partial  pressure 
ratios  Pst,yP\„-  The  measured  room-temperature 
Hall  mobilities  of  1  ;im  InSb  films  grown  on  InP 
with  different  partial  pre.ssure  ratios  are  shown  in 
fig.  1  as  a  function  of  the  partial  pressure  ratio. 
All  the  samples  are  n-type  and  the  highest  electron 
mobility  can  be  observed  in  the  sample  with 
P-ih/Pin  '■^tio  of  6  and  a  corresponding  beam  flux 
ratio  •4h4  /J^„  of  2.  The  above  observations  suggest 
that  the  flux  ratio,  /J\„.  plays  a  crucial  role  in 
determining  the  surface  morphology  and  the  elec¬ 
tron  mobility  in  the  heteroepitaxial  InSb  films  due 
to  the  high  sticking  coefficient  of  Sb4  molecules  at 


s 

i  -• 
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Fig.  1.  Variation  of  measured  Hall  mobilities  with  /P\n 
I  fim  InSb  films  grown  on  InP  at  ?H0®C  and  1  pm/h.  The 
dashed  line  joins  the  data  points. 

the  growth  temperature  used.  Similar  results  were 
obtained  in  the  InSb  films  grown  on  (100)  GaAs 
substrates.  The  measured  mobilities  of  lnAs,Sb, .  , 
with  different  composition  ratios  are  shown  in  fig. 
2.  All  samples  are  n-type.  The  mobility  of  InSb  is 
70.000  cm’/V  •  s  at  room  temperature  and  110.000 


Fig.  2.  Variation  of  measured  rot^m-tcmperature  electron  mi> 
bility  with  alloy  compositions  in  InAs,Sb,  ,  films  grown  on 
GaAs  and  InP. 
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Fig.  3.  (a)  /  -  F  characteristics  at  80  K  of  Al/GaSb  diode.s  and  (b)  ln(  J^/T'i  versus  lO'/F  plot  of  Al/Al|,4Ga„^Sb  diode. 


cm'/V  ■  s  at  77  K.  and  the  mobility  of  InAs  on 
InP  is  15.000  cm‘/V  •  s  at  room  temperature.  The 
mobility  rapidly  drops  with  alloying,  probably  due 
to  a  combination  of  increased  lattice  mismatch 
and  clustering  effects.  However,  the  mobility  val¬ 
ues  compare  very  favorably  with  InAs^Sb,  _  ^  films 
grown  by  liquid  phase  epitaxy  on  InSb  substrates. 
This  also  indicates  that  clustering  effects  rather 
than  dislocation  effects  are  responsible  for  the 
degradation  in  mobility. 

3.  The  growth  and  schottky  diode  characteristics  of 
Al  ,.Ga|  _  ,.Sb  epitaxial  layers 

An  important  parameter  in  the  design  and 
fabrication  of  FETs  are  the  barrier  height  and 
leakage  current  of  the  Schottky  gate  contact.  Since 
in  our  heterostructures,  the  Schottky  diode  is 
fabricated  on  an  AlGaSb  layer,  we  have  examined 
the  properties  of  Al / AlGaSb  Schottky  diodes.  A  1 
fim  layer  of  AlGaSb  Be-doped  p-type  5  x  lO'*’ 
cm  ’  was  grown  on  P'-GaSb  substrates.  500  pm 
diameter  Al  Schottky  diodes  were  made  on  the 
layers  by  electron  beam  evaporation  through  a 
shadow  mask.  Forward  and  reverse-bias  current - 
voltage  measurements  were  made  on  the  diodes  as 
a  function  of  temperature  in  the  range  80-400  K. 
The  /  V  characteristics  of  a  GaSb  diode  at  80  K 
are  shown  in  fig.  3a.  The  reverse  saturation  cur¬ 
rent  is  8.83  pA  and  the  breakdown  voltage  is  3  V. 
Fig.  3b  shows  the  \n{JJT")  versus  lO'/T  plot  for 
an  AI„4Ga||ftSb  diode  in  accordance  with  the 
Richardson  equation.  The  barrier  heights  obtained 


from  the  analysis  of  these  data  are  0.37  and  0.4  eV 
for  GaSb  and  AI,i4Ga(,(,Sb.  respectively.  Mead 
and  Spitzer  [8.9]  and  Sadiq  and  Joullie  [10]  have 
reported  barrier  heights  of  0.55  and  0.7  eV  for 
Au/p-type  AlSb  Schottky  diodes.  Mead  and 
Spitzer  cleaved  the  samples  in  vacuum  before  de¬ 
positing  the  Au  layer.  Assuming  an  increase  of 
barrier  height  with  bandgap.  our  results  are  in  fair 
agreement  with  the  data  of  Mead  and  Spitzer. 
These  are  first  reported  data  on  barrier  height  of 
MBE  grown  AlGaSb. 


4.  The  structures  and  the  performance  of 
lnAso,|,SI\)2/Alo,4Gao,6Sb  HFET 

For  an  FET  it  is  important  to  realize  a  thin 
channel  with  good  transport  properties.  We  used 
InAsSb  as  a  channel  and  AlGaSb  as  a  barrier 
material.  The  schematics  of  the  doped-channel 
heterostructure  FET  grown  on  semi-insulating 
GaAs  is  shown  in  fig.  4.  The  sheet  electron  con¬ 
centration  and  mobility  in  the  300  A  Si-doped 
lnA.s„xSb„2  channel  at  300  K  are  5.4  x  10'-  cm’" 


100  A 

n  =.  ?  X  10'®  r.m‘^  InAs 

400  A 

Undooed  AlGaSb  Barrier 

300  A 

n  -  2x  10^®  cm’^lnAsSb  Channel 

7  um 

UndoDed  AlGaSb  Buffer 

S.  1.  GaAs  Substrate 

Fig.  4.  Schematic 

of  InAsSb/ AlGaSb  heierostructure  FET 
grown  by  MBE  on  GaAs. 
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FREQUENCY  [GHz] 


Fig.  5.  Mea.sured  (a)  DC  and  (b)  microwave  performance  at  room  temperature  for  InAsSb/AIGaSb  heterostructure  FFT. 


and  1000  cm’/V  •  s.  respectively.  Recently.  FETs 
with  an  undoped  channel  using  the  InAs/AlGaSh 
(or  AlSb)  heterostructure  were  reported  by  Tuttle 
and  Kroemer  [11]  and  Luo  et  al.  [12]. 

1  g  X  50  jam  gate  FETs  with  a  source-drain 
spacing  of  3.5  jam  were  made  by  standard  photo¬ 
lithography  techniques.  The  source  and  drain  con¬ 
tacts  were  made  with  electron  beam  evaporated 
.4u/Ge/Ni  and  subsequent  alloying.  Al  gate  con¬ 
tacts  were  formed  by  electron  beam  evaporation. 
Measured  room-temperature  current- voltage 
characteristics  of  the  devices  are  shown  in  fig.  5a. 
The  devices  cannot  be  pinched  off  due  to  a  large 
parallel  conduction.  The  maximum  measured 
transconductance  at  300  K  is  160  mS/mm.  The 
.S'-parameter  measurements  were  made  on  the  de¬ 
vices  with  a  CASCADE  probe  station  and  a  8510 
automatic  network  analyzer.  The  measured  cur¬ 
rent  gain  is  shown  in  fig.  5b.  The  unity  gain 
cut-off  frequency  is  found  to  be  5  GHz. 

5.  Conclusion 

We  have  grown  high  quality  InAs.Sb,  ,  (0  <  x 
£  1)  directly  on  InP  and  GaAs  substrates  by 
molecular  beam  epitaxy.  The  undoped  crystals  are 
all  n-type  at  .300  K  and  at  low  temperature.  The 
surface  morphology  and  electrical  transport  prop¬ 
erties  are  strongly  deptendent  on  the  Oux 

ratio  and  substrate  temperature.  The  highest  mo¬ 


bilities  in  InSb  (10  /im  thick)  are  70.000  cm’/V  ■  s 
and  300  K  and  110,000  cm‘/V  •  s  at  77  K.  and 
lower  values  are  measured  in  the  alloys. 

We  have  also  investigated  the  suitability  of 
Al,Ga,  .,Sb  as  a  buffer  and  gate  barrier  layer  in 
heterostructure  FETs.  Al  Schottky  contacts  were 
evaporated  on  these  p-type  films  and  temperature- 
dependent  current-voltage  measurements  were 
made.  Barrier  heights  of  0.37  and  0.39  eV  are 
measured  in  GaSb  and  AlpjCau^Sb.  respectively. 

We  have  made  a  300  A  Si-doped  InAs^^Sb,,- 
channel  structure,  sandwiched  between  undoped 
Al„4Gaof,Sb  buffer  and  gate  barrier  region.  It 
shows  pi  =1000  cm’/V  •  s  and  n^  =  5.4x10'’ 
cm  ’  at  300  K.  1  jam  gate  FETs  made  with  this 
heterostructure,  .showed  a  maximum  extrinsic 
=  160  mS/mm  and  /j  =  5  GHz  at  300  K. 
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We  report  metalorganic  nioleeular  beam  epitaxial  (MOMBE)  growth  of  GaSb  and  InAsSb  using  triethylgallium  (TEGa), 
trimethylindium  (TMln),  triethylstibine  (TESb).  and  triethylarsine  (TEAs).  For  GaSb  growth,  the  maximum  growth  rate  is  observed 
at  a  sub.strate  temperature  of  500  °  C.  This  is  associated  with  the  use  of  TESb  instead  of  solid  Sb.  where  the  alkyl  species  coming  from 
thermally  cracked  TESb  also  play  important  roles  in  the  pyrolysis  of  TEGa.  For  InAsSb  growth,  it  is  found  that  pyrolysis  of  TMIn  at 
substrate  temperatures  below  400°C  is  decomposition  limited.  Precise  control  of  solid  composition  for  InAs,  _  ,Sb,  in  the  range  <if 
0  <  V  <  0.6  is  confirmed  in  the  temperature  range  from  400  to  500 '"C. 


I.  Introduction 

Alloys  of  InGaAsSb  lattice  matched  to  GaSb 
have  attracted  considerable  interest  for  2-4  jim 
wavelength  optical  device.s  [1)  and  high  speed  elec¬ 
tronic  devices  [2].  Several  authors  have  reported 
the  epitaxial  growth  of  Sb-containing  materials  by 
MBE  [3|  and  MOVPE  [4|.  However,  this  system 
has  a  wide  miscibility  gap  and  contains  two  group 
V  atoms  where  the  reproducibility  of  the  compo.si- 
tion  of  the  alloys  is  strictly  dependent  on  flux 
stability.  In  solid  .source  MBE.  it  is  difficult  to 
control  the  composition  of  materials  containing 
two  group  V'  atoms.  MOMBE  (metalorganic 
molecular  beam  epitaxy),  which  is  a  non-thermal- 
equilibrium  growth  technique  and  has  an  ad¬ 
vantage  in  good  controllability  of  gas  sources,  is  a 
promi.sing  method  for  growing  this  material  .sys¬ 
tem.  Furthermore,  the  study  of  MOMBE  growth 
using  group  V  metalorganic  gas  .sources  gives  im¬ 
portant  information  to  the  MOMBE  growth 
mechanism. 

We  have  previously  reported  [5.6|  the  first  trial 
on  MOMBE  growth  of  GaSb.  InAs  and  InSb  on 
GaSb  substrates  using  metalorganics  only  for 
group  111  atoms,  where  the  Sb-related  growth 
kinetics  of  group  111  metalorganics  have  been  dis- 
cus.sed  [6].  This  paper  describes  the  first  MOMBE 
growth  of  GaSb  and  InAsSb  using  group  V  metal¬ 


organics  instead  of  solid  sources.  The  employment 
of  these  materials  without  the  use  of  a  toxic  group 
V  hydride  compressed  gas  is  of  much  interest  from 
a  safety  point  of  view.  In  the  growth  of  GaSb 
using  triethyigallium  (TEGa)  and  triethylstibine 
(TESb).  the  effect  of  the  thermal  cracking  process 
of  TESb  on  the  pyrolysis  of  TEGa  on  the  surface 
is  investigated  from  the  growth  rate  variation  with 
the  growth  conditions.  In  the  growth  of 
InAs,  _,Sb^  using  trimethylindium  (TMIn).  trieth¬ 
ylarsine  (TEAs)  and  TESb.  the  control  of  alloy 
composition  in  the  range  of  0  <  .v  <  0.6  is  re¬ 
ported.  At  the  same  time,  the  effect  of  the  .surface 
pyrolytic  process  of  TMIn  is  described  in  terms  of 
the  growth  temperature  dependence  of  the  con¬ 
stituent  binary  growth  rates. 


2.  Experiment 

The  MOMBE  growth  experiments  were  per¬ 
formed  using  the  conventional  MBE  growth 
chamber  equipped  with  an  oil  diffusion  pump 
having  a  liquid  nitrogen  trap  and  with  gas  supply¬ 
ing  systems.  The  sources  used  were  TEGa.  TMIn. 
TESb,  and  TEAs.  No  carrier  gas  was  employed. 
The  substrates  used  were  Te-doped  (001)  GaSb 
(n  =  lxl0"'  cm  ^)  and  (001)  semi-insulating 
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GaAs.  The  group  III  gases  were  directly  intro¬ 
duced  into  the  growth  chamber,  and  the  group  V 
gases  were  introduced  through  a  cracker  ceil  ( = 
800  °C)  after  mixing.  At  this  cracking  tempera¬ 
ture,  both  TESb  and  TEAs  were  expected  to  effi¬ 
ciently  decompose  judging  from  the  mass  spectro- 
metric  measurement  in  the  MOMBE  system.  The 
gas  flow  rates  were  controlled  by  mass  flow  con¬ 
trollers.  Further  experimental  details  have  been 
described  elsewhere  [5,6], 

GaSb  layers  were  grown  on  GaSb  substrates 
over  temperature  range  of  400  to  580  °  C.  The  flow 
rates  of  TEGa  and  TESb  were  varied  from  0.2  to 
2.0  and  0.1  to  0.4  SCCM,  respectively.  The  growth 
rate  of  GaSb  was  determined  from  the  period  of 
RHEED  (reflection  high  energy  electron  diffrac¬ 
tion)  intensity  oscillations.  For  the  growth  of  In- 
AsSb  on  GaSb  substrates,  the  temperatures  were 
varied  from  350  to  5(K)°C.  The  TMIn  flow  rate 
was  0.1  SCCM,  where  the  outlet  of  the  group  III 
gas  cell  was  rearranged  to  get  four  times  closer  to 
the  substrate  than  during  growth  of  GaSb.  The 
flow  rates  of  TEAs  and  TESb  were  varied  from 
0.06  to  0.2  and  0.05  to  0.4  SCCM,  respectively. 
The  solid  composition  was  determined  using  X-ray 
diffraction  measurements  by  assuming  Vegard’s 
law.  Growth  rate  was  confirmed  by  the  cross-sec¬ 
tional  observation  of  cleaved  epilayers  with  a 
scanning  electron  microscope,  and  by  the  meas¬ 
urement  of  the  step  height  between  the  epiLyer 
surface  and  the  substrate  surface  masked  with  a 
small  Ta  piece  during  the  growth.  Typical  back¬ 
ground  pre.ssure  during  growth  is  le.ss  than  3  X 
10  '  Torr. 


3.  GaSb  growth 

Mirror  .surfaces  were  obtained  for  GaSb  growth 
over  the  entire  range  of  growth  conditions  em¬ 
ployed  here  except  at  a  V/III  ratio  less  than  unity. 
The  surface  reconstruction  during  growth  ex¬ 
hibited  (1x3)  pattern,  similar  to  the  result  ob¬ 
served  in  the  conventional  MBE  growth  [7). 
RHEED  oscillations  were  observed  at  substrate 
temperatures  in  the  range  of  400  to  580  °C.  The 
amplitudes  of  RHEED  intensity  oscillations  ob¬ 
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Fig.  1.  MOMBE  GaSb  growth  rate  versu.s  substrate  lempcid- 
ture  for  a  given  TESb  flow  rate  with  a  con.stant  TEGa  flow 
rale  of  2.0  SCCM.  The  broken  line  shows  the  temperature 
dependence  of  growth  rate  for  MOMBE  GaSb  using  solid  Sbj 
with  the  same  TEGa  flow  rate. 


served  here  were  larger  than  those  using  Sbj  under 
the  same  growth  conditions. 

A  significant  variation  of  the  MOMBE  GaSb 
growth  rate  with  substrate  temperature  is  shown 
in  fig.  1  for  two  different  given  TESb  flow  rates  at 
a  constant  TEGa  flow  rate  of  2.0  SCCM  (solid 
lines).  The  variation  of  growth  rate  for  the  GaSb 
layers  grown  using  Sbj  under  the  same  TEGa  flow 
rate  is  also  shown  with  a  broken  line  for  compari¬ 
son.  The  use  of  TESb  instead  of  Sbj  induces 
changes  in  the  growth  rate  variation  curve  with 
.substrate  temperature.  The  growth  rate  of  GaSb 
grown  from  TESb  shows  a  maximum  at  around 
500  °C.  However,  the  growth  rate  at  500  °C  is 
lower  than  that  in  the  GaAs  growth  using  the 
same  TEGa  flux  by  a  factor  of  3.  Since  a  decrea.se 
in  the  growth  rate  can  be  observed  with  increasing 
TESb  flow  rate  even  at  higher  temperatures,  the 
growth  rate  reduction  above  500  °C  is  not  related 
to  an  Sb  deficiency  on  the  surface,  but  to  the 
surface  pyrolytic  process  of  TEGa.  This  indicates 
that  the  alkyl  species  coming  from  thermally 
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Fig.  2,  MOMBF  (jaSb  growth  rale  versus  TF.Sb  flow  rate  for 
gisen  TF(;<j  fli>w  rates  at  a  substrate  temperature  of  5(K)‘^C. 


craekotl  TF.Sb  also  play  an  important  role  in  the 
MOMBF  growth  proce.ss  by  suppressing  the 
ethvi- gallium  bond  cleavage  reaction. 

Fig.  2  shows  the  TF.Sb  flow  rate  dependence  of 
the  growth  rate  for  different  TEGa  fluxes.  The 
growth  temperature  was  kept  at  500 °C'.  At  the 
leftside  points  of  each  curve  the  V /Ill  ratio  corre¬ 
sponds  to  unity.  The  remarkable  reduction  of  the 
growth  rate  with  an  increase  in  the  TESh  flow  rate 
can  be  seen  near  the  region  at  V/III  ratio  close  to 
unity.  A  similar  reduction  in  growth  rate  with 
increased  gmup  V  flux  has  been  observed  in  the 
MOMBF  growth  of  GaSb  u.sing  Sbj  [6|  and  GaAs 
using  AsH,  [8].  This  indicates  that  oversaturated 
alkyl  molecules  coming  from  thermally  cracked 
TFSb  reduces  the  number  of  sites  available  for 
TEGa  pyrolysis.  Since  the  mass  .spectrometric 
measurement  showed  that  one  of  the  main  species 
of  TFSb  by  cracking  was  hydrogen,  we  also  in¬ 
vestigated  the  overpressure  effect  of  hydrogen  on 
the  MOMBF.  GaSb  growth,  shown  as  broken  lines 
in  fig.  2.  by  introducing  hydrogen  into  the  cracker 
cell  for  group  V  sources.  We  can  see  the  decrease 
of  the  growth  rate  with  increasing  hydrogen  flow¬ 


rate.  However,  since  the  rate  of  the  growth  rate 
reduction  with  increasing  TFSb  has  little  depen¬ 
dence  on  the  magnitude  of  additional  hydrogen,  it 
is  considered  that  alkyl  species  cracked  from  TFSb 
play  a  relatively  important  role  in  the  site  blocking 
effect  on  the  pyrolysis  of  TEGa,  compared  to 
hydrogen. 

The  electrical  properties  of  GaSb  layers  grown 
on  a  (001 )  GaAs  substrate  were  evaluated  by  Hall 
measurement.  The  1.2  fim  thick  undoped  GaSb 
layer  grown  at  520  °C  using  TEGa  of  2.0  SCCM 
and  TFSb  of  0.4  SCCM  showed  a  relatively  low- 
hole  concentration  of  2  X  lO'^cm  ’  and  mobility 
of  660  cm'/V  •  s  at  77  K. 


4.  InAsSb  growth 

In  the  MOMBF  growth  of  InAsSb.  mirror-like 
surfaces  were  obtained  only  in  the  narrow-  region 
of  TEAs/TMln  flux  ratio  close  to  unity.  Under 
this  condition,  the  InAs  layers  grown  on  GaSb 
substrate  using  TMln  and  TEAs  exhibit  cross- 
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Fig.  .3  Substrate  temperature  dependence  of  Sb  solid  composi¬ 
tion  for  MOMBF  i  ;.‘\sSb  as  a  function  of  TF.Sb  flow  rale  with 
constant  TMln  and  TF.As  flow  rates  of  0.1  SCCM. 
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'^00  Tsuo'K  ' 

Fig.  4.  GroNMh  rales  of  InAsSh  and  calculated  con'-tilucnt 
hmarv  compounds  InSb  and  InAs  as  a  function  of  recipnKul 
temperature  for  MOMBF.  grown  InAsSb  vsuh  TMln.  TESb 
and  TF.As  flow  rates  of  O.l.  0.4  and  0.2  SCC  M.  respectively. 


hatched  appearance  in  the  temperature  range  of 
.■^50  to  500  °C.  The  InAsSb  layers  during  growth 
show  ci2  X  6)  RHEED  patterns. 

Fig.  3  shows  the  temperature  dependence  of  Sb 
solid  composition  x  of  InAs,  .,.Sb,  as  a  function 
of  TESb  flow  rate  with  constant  TMIn  and  TEAs 
flow  rates  of  0.1  SCCM.  As  shown  in  this  figure, 
two  distinct  temperature  dependent  regions  can  be 
seen.  The  first  is  the  low  temperature  region  below 
400  °C.  where  the  Sb  solid  composition  increases 
with  increasing  temperature.  This  region  seems  to 
be  characteristic  of  MOMBE  growth,  because  py¬ 
rolytic  proce.ss  of  TMIn  in  this  temperature  range 
is  expected  to  be  decomposition  limited  from  the 
result  reported  on  the  MOMBE  growth  of  InAs 
using  TMIn  and  solid  As  [6]:  The  .second  is  the 
region  above  4(X)°C  where  the  Sb  .solid  composi¬ 
tion  decreases  with  increasing  temperature.  Simi¬ 
lar  observations  were  reported  on  both  MOVPE 
and  MBE  growths  of  InA.sSb  [3.4],  The  tendency 
of  the  lower  Sb  content  at  the  higher  substrate 


temperature  is  considered  to  reflect  an  increa.sed 
Sb  desorption  rate  from  the  growth  front  [9]. 

Fig.  4  shows  temperature  dependence  of  In¬ 
AsSb  and  constituent  binary  growth  rates  at  TMIn. 
TEAs  and  TESb  flow  rates  of  0.1.  0.2  and  0.4 
SCCM,  respectively.  The  growth  rates  of  binaries 
obtained  here  were  calculated  from  the  total 
growth  rate  and  solid  composition.  From  the  tem¬ 
perature  dependence  of  the  constituent  InSb  and 
InAs  growth  rates,  the  pyrolytic  process  of  TMIn 
is  found  to  be  decomposition  limited  below  400  °C 
and  the  activation  energy  is  almost  the  same.  It  is 
considered  that  the  catalytic  efficiency  of  TMIn 
has  no  difference  between  vie  constituent  InAs 
growth  and  the  InSb  growth  in  this  growth  condi¬ 
tion.  In  the  temperature  region  of  400  to  450  °C, 
nearly  flat  regions  can  be  seen,  corresponding  to 
the  transport  limited  region.  Thus,  adopting  the 
temperature  within  this  range  during  MOMBE 
InAsSb  growth  may  offer  a  reproducible  control 
of  the  solid  composition.  At  higher  temperatures 
of  more  than  450  °C.  the  growth  rates  decrease 
with  increasing  temperature,  which  is  caused  by 
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Fig.  5.  Sb  solid  composition  versus  TESb  flow  rate  for  MOMBF 
InAsSb  as  a  function  of  substrate  temperature  with  constan’ 
TMIn  and  TEAs  flow  rates  of  0.1  SCCM. 
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the  desorption  of  In  atoms,  as  in  conventional 
MBE. 

Since  the  temperature  dependence  of  the  con¬ 
stituent  InAs  growth  rate  is  quite  similar  to  the 
result  observed  in  the  growth  of  binary  InAs  using 
TMln  and  AS4  [6],  the  existence  of  Sb  molecules 
does  not  play  an  important  role  energetically  in 
the  decomposition  of  TMIn  on  InAs.  Therefore,  it 
is  expected  that  the  decomposition  of  TMIn  on 
binary  InSb  may  obey  the  temperature  depen¬ 
dence  of  the  constituent  InSb  growth  rate  ob¬ 
tained  here  as  shown  in  fig.  4. 

A  variation  of  the  Sb  solid  compo.sition  with 
TESb  flow  rate  is  shown  in  fig.  5  as  a  function  of 
substrate  temperature.  The  composition  can  be 
controlled  precisely,  as  can  be  seen  in  this  figure, 
except  for  the  curve  at  350  °  C,  as  long  as  using  an 
infrared  optical  pyrometer  during  growth  to  con¬ 
trol  the  substrate  temperature  with  a  deviation  of 
le.ss  than  5°C. 

The  1  jum  thick  undoped  InAsSb  layer  (.x  = 
0.27)  on  a  GaAs  substrate  was  n-type  with  a 
carrier  concentration  of  1.7  x  10'  cm  ■'  and  mo¬ 
bility  of  30.30  cm-/V  •  s  at  77  K. 

5.  Conclusion 

We  have  grown  for  the  first  time  GaSb  and 
InAsSb  layers  by  MOM  BE  method  using  TEGa 
and  TMIn  as  group  III  .sources,  and  TESb  and 
TEAs  as  group  V  .sources.  In  the  growth  of  GaSb. 
the  growth  rate  showed  a  maximum  at  around 
5(K)°C  without  the  monotonic  increase  of  the 
growth  rate  ob.served  in  MOMBE  GaSb  growth 
using  Sbj.  It  is  considered  that  the  alkyl  species 
coming  from  thermally  cracked  TESb  also  play  an 
important  role  in  the  MOMBE  growth  process 
suppressing  the  ethyl  -gallium  bond  cleavage  reac¬ 
tion.  In  the  growth  of  InAsSb.  we  have  confirmed 
that  the  solid  composition  can  be  controlled  pre¬ 
cisely.  In  the  temperature  region  lower  than 


400  °C.  the  reduction  of  the  Sb  solid  composition 
with  decreasing  temperature  was  observed.  From 
the  temperature  dependence  of  constituent  InSb 
and  InAs  growth  rates,  the  pyrolytic  process  of 
TMIn  was  found  to  be  decomposition  limited 
below  400  °C  having  almost  the  same  activation 
energy. 
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Electrical  characteristics  dependence  on  aluminum  mole  fraction 
in  (Alo5Gao5)Sb/InAs/(Al^Ga,_  jSb  heterostructure 
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We  have  studied  the  electrical  characteristics  of  the  (AI„5Gao5)Sb/lnAs/(Al,Ga,_  ^)Sb  heterosystems  in  a  variety  of  samples 
with  different  aluminum  mole  fraction,  x.  Negative  photoconductivity  has  been  observed  when  the  aluminum  mole  fraction  is 
between  0.2  and  1.0.  Reduction  of  both  electron  mobility  and  sheet  carrier  concentration  by  the  light  illumination  was  post 
pronounced  at  .v  =  0.75.  The  negative  photoconductivity  of  an  (AI^^Ga^,  5)Sb/InAs/(Alyj^Gao5)Sb  structure  was  found  to 
disappear  at  high  electric  fields  by  pulsed  Hall-effect  measurements  suggesting  increased  Coulombic  scattering  being  the  origin  of  the 
negative  photoconductivity. 


1.  introduction 

InAs/iAl^Ga,  .  ,  )Sb  heterostructures  provide 
not  only  interesting  band  alignment  [1,2]  in  phy.si- 
cal  point  of  view,  but  also  practical  applications 
such  as  high  performance  field-effect  transistors 
[3]  and  quantum  interference  devices.  High  speed 
electron  tran.sport  is  expected  because  of  its  ex¬ 
tremely  high  low-field  mobility  [4]  and  high  over¬ 
shoot  velocity  of  the  electrons  in  the  channel 
under  high  electric  field.  However,  the  characteri¬ 
zation  done  so  far  on  this  system  is  not  sufficient 
enough  to  optimize  the  heterostructure  for  any 
realistic  device  application.  For  example,  the  lack 
of  knowledge  includes  spacial  distribution  and  the 
concentration  of  the  not-intentionally-doped 
donors  [4]  in  the  (AlGa)Sb  barriers,  their  depen¬ 
dence  on  the  aluminum  composition,  and  negative 
photoconductivity  [4]  dependence  on  the  hetero¬ 
structure.  We  have  studied  the  electrical  character¬ 
istics  of  the  (Al„,Gao5)Sb/InAs/(AI,Ga,  ,)Sb 
heterosystems  in  a  variety  of  samples  with  differ¬ 
ent  aluminum  mole  fraction  (x)  and  then,  other 
similar  but  slightly  different  structures  such  as 
(Al|,,Ga,|, )Sb/lnAs/GaSb  heterostructures  with 
thin  (AljGa,  ,  )Sb  layers  inserted  at  the 
InAs/GaSb  interface.  Finally,  pulsed  Hall-effect 


measurement  on  an  (Al„ jGa,, , )Sb/ InAs/lAI,,, 
Ga,)  5)Sb  heterostructure  will  be  discussed  in  con¬ 
junction  with  the  negative  photoconductivity  ef¬ 
fect  on  high  field  electron  transport. 


2.  Experimental 

The  heterostructures  have  been  grown  on  GaAs 
substrates  by  molecular  beam  epitaxy  (MBE)  using 
the  ANELVA-620  system.  As  shown  in  fig.  la,  the 
standard  structure  consists  of  1.0  pm  of  GaSb 
buffer  layer.  0.75  pm  of  AlSb.  2000  A  of  (Al, 
Ga,  ^  ,)Sb.  150  A  of  In  As,  150  A  of  (AlojGanslSb, 
and  100  A  of  GaSb  cap  layer.  Growth  conditions 
were  carefully  chosen  in  order  to  avoid  the  arsenic 
mixing  into  the  (AIGa)Sb  layers  [5].  The  insertion 
of  the  initial  GaSb  buffer  plays  an  important  role 
to  obtain  good  surface  morphology  and  high  low- 
field  mobility  of  electrons  in  the  InAs  channel.  In 
order  to  avoid  the  parallel  conduction  of  holes  in 
the  GaSb  buffer  layer,  all  the  devices  have  been 
fabricated  using  non-alloyed  ohmic  contacts  to  the 
InAs  channel.  The  substrate  temperature, 
during  the  growth  of  InAs  channel  and  the  rest  of 
the  layers  above  it  was  set  to  480  °C.  while  the 
during  the  growth  of  the  layers  under  the 
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channel  was  set  to  550  °C.  Beam  pressure  ratio  of 
As  to  In  was  chosen  in  such  a  way  that  the  InAs 
surface  reconstruction  falls  into  the  transition  re¬ 
gion  from  2  X  4  to  4  X  2  [6].  The  aluminum  com¬ 
position  of  the  top  barrier  has  almost  no  effect  on 
the  electrical  characteristics  (similar  results  ob¬ 
tained  in  ref.  [7]).  Accordingly,  the  aluminum  mole 
fraction  of  the  top  barrier  has  been  set  to  be  0.5, 
because  it  provides  both  moderate  inertness  to  the 
water  vapor  and  moderate  barrier  height  at  the 
same  time.  The  first  set  of  experiments  were  done 
by  Hall-effect  measurements  (Van  der  Pauw 
method)  of  a  series  of  standar.i  structures  which 
are  otherwise  identical  but  with  different  x.  in 
order  to  investigate  the  effects  of  aluminum  mole 
fraction  in  the  bottom  barrier  on  the  electrical 
characteristics  of  the  InAs  channel.  A  second  set 
of  experiments  were  done  by  inserting  thin 
(AI^Ga,  ,  )Sb  layers  at  the  bottom  interface  of 
the  InAs  channel  in  (AId  jGaijjiSb/InAs/GaSb 
heterostructures  in  order  to  extract  the  effects  of 
interface  materials  on  the  electrical  characteristic.s. 
.A  third  set  of  experiments  were  done  by  high-field 
pul.sed  Hall-effect  measurements  on  Hall-bar  de¬ 
vices  with  a  spacing  of  50  /xm.  in  order  to  inve.sti- 
gate  the  aluminum  mole  fraction  effects  on  the 
electron  transport  under  high  fields. 


3.  Results  and  discussions 

The  Hall-effect  measurements  by  Van  der  Pauw 
method  on  the  standard  structure  (with  x  =  0.5) 
showed  mobility  of  20100  and  60600  cm‘/V  •  s  at 
300  and  77  K,  respectively.  The  corresponding 
sheet  carrier  densities  were  1.38  x  10’’  and  9.96  X 
10”  cm  ■^,  respectively.  Fig.  2  shows  Hall  mobility 
and  sheet  carrier  concentration  dependence  on 
temperature,  respectively.  As  can  be  seen,  both 
mobility  and  the  sheet  carrier  concentration  de¬ 
creases  at  low  temperatures  upon  light  (green 
LED)  illumination.  This  negative  photoconductiv¬ 
ity,  which  was  found  in  a  AlSb/lnAs/AISb  sys¬ 
tem  by  Tuttle  et  al.  [4],  was  observed  as  well  in  the 
(AI„5Ga„  5)Sb/  InAs/  (Al^Ga,  _ ,  )Sb  heterosys¬ 
tem  in  a  wide  range  of  aluminum  mole  fractions. 
The  compositional  parameter,  x.  in  the  lower  bar¬ 
rier  significantly  affects  the  electrical  characteris¬ 
tics  of  the  InAs  channel  layer.  The  room  tempera¬ 
ture  mobility  is  always  near  20000  cm‘/V  •  s,  inde¬ 
pendent  of  the  aluminum  mole  fraction.  Low  tem¬ 
perature  mobilities  at  77  K  are  rather  scattered 
and  range  between  40000  and  80000  cnr/V  ■  s. 
The  mobility  reduction  upon  light  illumination 
occurs  if  the  bottom  barrier.  (Al  ,Ga,  _  ^)Sb.  of  the 
.samples  contains  more  than  25%  of  aluminum. 


(a) 


100X 

150X 

150X 

60X 

1  )jm 


Fig.  I  .Schematic  diagram.s  of  (a)  viandard  tAI„5Ga„5)Sb/lnA.c/(AI,Ga,  ,).Sb  helerostructure  and  (b)  (Al„ jGaojtSb/lnAs/ 

( Al  ,Ga,  ,  )Sb/GaSb  heterostructure  with  thin  barrier. 
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The  carrier  conceniraiions  al  300  K  are  rather 
scattered  and  range  from  1.5  x  10’’  to  2.5  x  10’’ 
cm  ".  The  sheet  carrier  concentrations  at  77  K 
roughly  stay  near  the  1  X  10'"  cm  '  range  except 
in  the  vicinity  of  x  =  1  where  the  concentration 
slightly  goes  up.  At  77  K,  reduction  of  the  sheet 
carrier  concentration  upon  LED  flash  has  been 
observed  in  the  aluminum  mole  fraction  range  of 
0.25  to  1.0.  which  matches  the  mobility  reduction 
range  as  discussed  above.  The  electron  mobility 
and  the  sheet  carrier  concentration  after  LED 
flash  at  77  K  are  plotted  in  fig.  3  (solid  curves), 
where  al)  data  are  normalized  by  the  results 
without  LED  flash.  From  this  figure,  it  is  obvious 
that  almost  the  same  amount  of  reduction  occurs 
in  both  sheet  carrier  concentration  and  electron 
mobility  in  the  same  range  of  aluminum  mole 
fraction  upon  the  light  illumination.  From  fig.  3. 
the  threshold  aluminum  mole  fraction  above  which 
negative  photoconductivity  occurs  reads  around 
0.2. 

The  suppression  of  the  negative  phoitKonduc- 
tivity  has  been  observed  in  the  heterostructures 
with  a  thin  (  =  60  A)  (AI^Ga,  .  jSb  layer  inserted 
between  the  InAs  channel  and  the  bottom  GaSb 
layer,  which  is  depicted  in  fig.  lb.  The  aluminum 
mole  fraction  of  the  bottom  thin  barrier  has  very 
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tion  measured  at  77  K  after  Lh.D  flash.  Data  are  normalized 
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little  effect  on  the  electrical  characteristics,  as 
shown  in  fig.  3  (dashed  curves).  Furthermore,  both 
electron  mobility  and  the  sheet  carrier  concentra- 
titrn  were  always  higher  than  the  standard  struc¬ 
tures  with  the  same  barrier  compounds.  On  the 
other  hand,  in  the  otherwise  identical  structure 
but  with  the  bottom  GaSb  layer  replaced  by 
(Al„<Ga„,)Sb.  the  negative  photoconductivity 
did  not  disappear.  These  results  show  that  the 
bulk  (Al^Ga,  ,  )Sb  layer  (0.25  <  .v  <  1.0)  is 
respon-sible  for  the  negative  photoconductivity 
effect, not  .something  that  has  the  origin  at  the 
lnAs/(AI,Ga|  ,  )Sb  interface.  These  results  sug¬ 
gest  that  the  donors  are  not  localized  at  the  bot¬ 
tom  interface  of  the  channel  where  possible  AlAs 
bonds  are  formed  as  suggested  by  ref.  |7).  Rather, 
the  donors  seem  to  be  distributed  uniformly  in 
(AlCia)Sh  layers. 

Electron  transport  properties  under  high  elec¬ 
tric  fields  have  been  studied  by  pul.sed  Hall-effect 
measurements.  .As  shown  in  fig.  4.  both  the  sheet 
carrier  concentration  and  the  electron  mobility 
measured  after  l.ED  flash  catch  up  the  corre¬ 
sponding  results  measured  without  LED  flash  at 
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Fig.  4.  The  electron  mobility  and  the  .sheet  carrier  concentra¬ 
tion  of  an  (Al„<.Ga,,«l)Sb/InAs/(AI^,5Ga,^5ySb  structure 
measured  by  pul.sed  electric-field  Hall-effect  measurements. 


high  electric  fiel(i.s.  Thi.s  asymptotic  approach  in 
high  fields  indicates  that  the  mobility  reduction  is 
cau.sed  hv  scattering  from  some  kinds  of  “ions" 
because  electrons  suffer  less  Coulombic  .scattering 
under  high  fields.  Taking  account  of  the  fact  that 
the  decrease  of  the  electron  density  in  the  InAs 
channel  accompanies  the  mobility  decrease,  the 
“ions"  should  be  negatively  charged.  Further  ex¬ 
periment  is  needed  to  determine  the  origin  of  the 
negative  photoconductivity. 


4.  Conclusions 

In  conclusion,  the  electrical  characteristics  de¬ 
pendence  of  the  (Al|,  ,Ga,|.i)Sb/ InAs/ (Al , 
Cia,  ,  )Sb  heterostructures  on  the  aluminum  mole 
fraction  of  the  bottom  barriers  has  been  investi¬ 
gated.  The  negative  phottKonductivity  effect  has 
been  shown  to  <x;cur  at  the  aluminum  mole  frac¬ 


tion  range  of  20%  to  100%.  The  aluminum  mole 
fraction  of  the  bottom  thin  barrier  had  very  little 
effect  on  the  electrical  characteristics,  but  rather 
the  bulk  (Al^Ga,  ,)Sb  under  the  thin  barrier 
affected  the  negative  photoconductivity  effect. 
Pulsed  Hall  measurement  on  an  (AlyjGa„5)Sb/ 
lnAs/(Al„jGa„5)Sb  heterostructure  showed  sup¬ 
pression  of  the  negative  photoconductivity  effect 
at  high  electric  fields,  suggesting  the  increased 
Coulombic  scattering  being  the  origin  of  the  nega¬ 
tive  photoconductivity. 
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The  growth  of  (Al,Ga)Sb  tilted  superiattices  and  their  heteroepitaxy 
with  InAs  to  form  corrugated-barrier  quantum  wells 

S.A.  Chalmers,  H.  Kroemer  and  A.C.  Gossard 

Elec  trical  and  Computer  Enffineerin^  Department  and  Materials  Department.  University  of  California.  Santa  Barbara. 
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We  have  demonstrated  the  molecular  beam  epitaxial  growth  of  (Al.Ga)Sb  tilted  superiattices  (TSLs)  on  2°  vicinal  (1(X))  GaSb 
and  GaAs  substrates.  The  existence  of  (AI,Ga)Sb  TSLs  proves  that  step-flow  growth  can  tx:cur  in  this  materia)  system,  and  in  the 
presence  of  strain.  Lateral  fluctuations  in  the  tilt  angle  of  the  superlattice  are  observed  and  are  found  to  be  caused  by  a  non-uniform 
distribution  of  incorporated  adatoms  which  is  correlated  with  the  surface  step  density.  The  (Al.Ga)Sb  TSL  growth  was  also  combined 
with  InAs  growth  to  form  an  InAs  quantum  well  with  “corrugated"  barriers  consisting  of  (Al.Ga)Sb  TSLs.  The  electron  mobilities  in 
this  structure  exceeded  6  x  10^  cmVv  -  s. 


1.  Introduction 

Aluminum  antimonide.  gallium  antimonide. 
and  indium  arsenide  form  an  interesting  family  of 
compounds  for  molecular  beam  epitaxial  (MBF) 
growth  because  they  are  nearly  lattice-matched 
and  they  can  be  combined  to  form  heterojunctions 
with  straddling,  staggered,  and  broken  gap  line¬ 
ups.  To  learn  more  about  the  MBE  growth  of 
these  compounds  we  have  investigated  their  step- 
flow  growth  on  vicinal  surfaces,  which  gives  infor¬ 
mation  on  the  surface  diffusion  of  the  depo.sited 
adatoms  and  on  the  morphology  of  the  growing 
surface.  Succe.ssful  step-flow  growth  of  these  com¬ 
pounds  also  rai.ses  the  possibilitv  of  fabricating 
new  structures  in  this  material  system,  such  as 
tilted  superiattices  (TSI.s)  (I.2|  The  growth  of 
more  conventional  structures  may  al.so  be  im¬ 
proved  by  step-flow  growth  on  vicinal  surfaces, 
which  may  be  more  ordered  and  better  controlled 
than  layer-by-layer  growth  on  singular  surfaces, 
because  we  can  chtvose  the  orientation  and  there¬ 
fore  the  bonding  nature  of  the  surface  steps.  This 
may  be  particularly  important  when  forming  in¬ 
terfaces  across  which  the  relatively  volatile  anion 
atoms  are  changed. 


To  investigate  the  step-flow  growth  of  AlSb 
and  GaSb  we  attempted  to  grow  (Al.Ga)Sb  TSLs. 
and  found  that  in  spite  of  the  0.65T  lattice  mis¬ 
match  between  these  two  materials,  they  can  be 
grown  together  by  step-flow  to  form  uniform  TSLs. 
We  al.so  demonstrated  that  AlSb  and  GaSb  step- 
flow  growth  can  be  successfully  combined  with 
InAs  growth  by  growing  an  InAs  quantum  well 
with  "corrugated”  (AI.Ga)Sb  TSL  barriers,  which 
exhibits  electron  mobilities  inside  the  well  in  ex- 
ce.ss  of  6  X  lO'  em'/V  ■  s. 


2.  Experimental 

Ail  growths  were  performed  in  a  Varian  Gen  II 
MBE  system  with  solid  .sources  and  an  arsenic 
cracker.  Both  not-intentionally-doped  GaSb  and 
semi-insulating  GaAs  substrates  were  used,  with 
the  surfaces  misoriented  from  (100)  by  2°  toward 
(Oil),  which  produces  terraces  with  an  average 
width  of  20  atoms.  The  GaSb  substrates  were 
cleaned  with  a  standard  de-grease  sequence  and 
etched  in  1  HF:1  H.O.ilOO  H.O  for  2  mm. 
while  the  GaAs  substrates  were  used  as  received. 
All  growth  rates  were  approximately  0..^  mono- 
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layers/s.  The  Sbj  beam  equivalent  pressure  (BEP) 
was  approximately  1  X  10  *'  Torr,  and  the  As, 
BEP  was  approximately  2x10'’  Torr. 


3.  Results  and  di.scus.sioii 


Fig.  2.  Dark-rield  TEM  micrograph  of  a  12  nm  thick  (AI,Ga)Sb 
TSL  grown  on  a  2°  A-type  GaSb  substrate,  which  shows 
variations  in  the  TSL  tilt  angle. 


We  grew  the  (Al,Ga)Sb  TSLs  by  sequentially 
depositing  approximately  0.4  monolayers  (ML)  of 
AlSb  and  0.6  ML  of  GaSb.  To  lower  the  tempera¬ 
ture  for  .MSb  step-flow  during  TSL  growth,  we 
deposited  the  .AlSb  by  migration-enhanced  epitaxy 
(MEE)  [3.4)  (i.e.,  by  alternating  the  .M  and  Sb 
beams),  while  we  grew  the  GaSb  by  concurrent  Ga 
and  Sb  deposition.  We  found  that  in  this  growth 
mode  we  were  able  to  grow  well-defined  ( Al.Ga )Sb 
TSLs  at  substrate  temperatures  from  450  to  510°C. 
on  both  GaSb  and  GaAs  substrates.  Fig.  1  shows 
a  transmission  electron  micro.scopic  (TEM)  cross- 
section  of  four  12  nm  thick  TSLs  grown  on  a 
GaAs  substrate  at  490°C'  after  buffer  layers  of  100 
nm  of  Ga.As  (600°C').  50  nm  of  .AlSb  (560°O.  and 
.100  nm  of  GaSb  (510'^C')  were  deposited,  in  that 
order.  W'e  can  see  from  the  figure  that  even  these 
relatively  thin  buffer  layers  resulted  in  a  fairly 
uniform  surface,  as  manifested  in  the  uniform 
periodicity  of  the  TSLs.  This  is  surprising  consid¬ 
ering  the  7T  lattice  mismatch  between  the  GaAs 
substrate  and  the  ( Al.Ga )Sb  layers  which  results 
in  a  high  density  of  threading  disliKations.  and 
can  be  attributed  to  the  smoothing  properties  of 


Fig  I  Dark-field  TEM  micrograph  of  12  nm  ihick  (Al.(ia)Sb 
ISl.s  grown  on  2°  A-lvpc  tiaAv  suhvlrale.  wilb  p  »  I  lg).  I  01. 
1  0.1.  and  1,05  (lop  to  boiiom).  Ihe  sleps  descend  left  lo  right 
The  diagonal  feature  of  ihe  right  side  is  a  threading  disl<Ka- 
tion.  resulting  from  ihe  lattice  mismatch  due  to  gntwing  on  a 
<  iaAs  subsirale 


the  AlSb  and  GaSb  buffer  layers.  TSLs  grown  on 
the  GaSb  substrates,  with  a  300  nm  GaSb  buffer 
layer  grown  at  510°C,  were  similar  but  exhibited 
better  uniformity  than  tho.se  grown  on  GaAs  sub¬ 
strates.  The  exact  number  of  monolayers  of  AlSb 
and  GaSb  deposited  per  cycle,  p.  for  the  different 
TSLs  in  fig.  1  was  1.00.  LOl.  1.03.  and  1.05  from 
top  to  bottom,  as  determined  from  the  resulting 
tilt  angles.  The  TSLs  exhibit  a  high  contrast  be¬ 
tween  the  AlSb-rich  and  GaSb-rich  regions,  indi¬ 
cating  that  the.se  components  are  well  .separated, 
but  there  is  also  contrast  between  the  GaSb-rich 
regions  and  the  GaSb  spacer  layers,  indicating 
that  the  separation  is  not  complete.  .Although 
strain  in  the  region  of  the  dislocation  seen  in  fig.  1 
makes  TEM  imaging  in  that  area  difficult,  we  can 
see  that  TSLs  formed,  and  therefore  step-flow 
growth  occurred,  even  very  close  to  the  disloca¬ 
tion 

An  interesting  feature  of  the  (AI.Ga)Sb  TSLs  is 
that  their  tilt  angle  can  vary  with  position,  as  .seen 
in  fig.  2.  This  Tcyi  cross-section  shows  a  12  nm 
thick  TSL  grow  n  a  GaSb  substrate  after  a  300 
nm  GaSb  buffer  was  grown  at  510°C.  Careful 
analysis  of  the  Uxal  TSL  thickness  shows  that  the 
changing  tilt  angles  are  due  to  a  variation  in  the 
local  growth  rate  across  the  TSL.  re.sulting  in 
varying  /i-values.  The  resulting  variations  in  p  are 
much  too  great  to  be  explained  by  inhomogeneous 
strain  or  non-uniform  adatom  deposition,  but  must 
rather  be  caused  by  a  non-uniform  redistribution 
of  the  group  111  adatoms  that  ixicurs  after  deposi¬ 
tion.  Becau.se  step  edges  play  a  dominant  role  in 
determining  ada'om  distribution  during  step-flow 
growth,  we  might  expect  there  to  be  a  relation 
between  an  area's  growth  rate  and  its  step  densitv. 
Fig.  3  plots  the  /5-value  versus  average  step  density 
for  various  liK'ations  of  the  TSL  in  fig  2.  The 
strong  correlation  between  the  two  indicates  that 
p  is  greater  in  regions  that  contain  more  steps. 
I  his  sort  of  correlation,  to  differing  degrees,  was 
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seen  in  all  the  (Al.Ga)Sb  TSLs  examined.  This 
behavior  and  therefore  the  tilt  variations  can  be 
explained  if  we  consider  two  different  models  of 
step-flow  growth. 

In  one  extreme  limit  where  diffusing  adatoms 
stick  to  the  nearest  step  edge,  p  would  be  inde¬ 
pendent  of  terrace  width,  and  the  terrace  widths 
would  eventually  equalize,  in  contradiction  both 
to  fig.  ^  and  to  the  actual  appearance  of  the  TSL 
pattern. 

In  the  opposite  limit,  a  mtxlel  that  assumes  that 
the  adatoms  are  completely  free  to  diffuse  over 
distances  large  compared  to  the  terrace  widths  and 
that  the  sticking  probability  of  an  adatom  at  a 
step  is  the  same  at  all  step  edges,  would  lead  to  a 
local  growth  rate  that  is  simply  proportional  to  the 
local  step  density,  a  correlation  far  .stronger  than 
what  is  observed. 

Our  data  can  be  explained  by  a  model  between 
the.se  two  extremes,  where  some  of  the  adatoms 
ditfu.se  over  distances  equal  to  several  terrace 
widths.  Considering  the  bonding  energies  of  AlSb 
and  GaSb,  and  the  analogous  situation  in  the 
( Al,Ga)As  system,  the  adatoms  diffusing  over  the.se 
long  distances  are  probably  Ga.  This  result  sug¬ 
gests  that  to  grow  TSLs  with  less  tilt  angle  varia¬ 
tion,  we  need  to  grow  them  on  a  surface  with  a 
more  uniform  step  distribution,  which  may  be 
accomplished  by  simply  growing  a  thicker  buffer 
layer. 

To  demonstrate  that  step-flow  growth  in  the 
(AI,Ga)Sb  system  can  be  successfully  combined 


with  InAs  growth,  we  grew  a  corrugated-barrier 
quantum  well  (CBQW)  that  consisted  of  a  20  nm 
wide  InAs  quantum  well  with  12  nm  (AI,Ga)Sb 
TSL  barriers,  as  diagrammed  in  fig.4a.  The  aver¬ 
age  barrier  composition  v.as  chosen  lo  be  30%  Al 
(i.e.  0.3  ML  of  AlSb  and  0.7  ML  of  GaSb  de¬ 
posited  sequentially  per  cycle),  so  that  any  TSL 
formation  in  the  barriers  would  result  in  the 
weli/barrier  interface  being  alternately  broken  gap 
(GaSb-rich  barrier  regions)  and  staggered  gap 
(AlSb-rich  barrier  regions),  which  we  felt  might 
result  in  interesting  transport  effects.  The  struc¬ 
ture  was  grown  on  a  2°  A-type  GaAs  substrate, 
preceded  by  50  nm  of  AlSb  grown  at  560°C  and  a 
2.5  fim  thick  GaSb  buffer  layer  grown  at  500^C. 
The  InAs  well  was  grown  at  500°C  and  the  TSL 
barriers  at  490°C. 

It  has  been  shown  that  to  achieve  high  electron 
mobilities  in  an  InAs  quantum  well  with  AlSb 
barriers,  it  is  critical  that  the  bottom  barrier/well 
interface  be  InSb-like  |5).  To  achieve  this,  we  grew 
the  bottom  interface  in  the  sequence  0.3  ML  of  Al. 
6s  of  Sb.  0.5  ML  of  In,  3  s  of  As.  and  then  the 
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Fig.  4.  (a)  Schematic  diagram  of  the  corrugated-barrier  quan¬ 
tum  well  (CBQW)  that  we  attempted,  (b)  Dark-field  TEM 
micrc^raph  of  the  corrugated-barner  quantum  well  di¬ 
agrammed  in  (a). 
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remainder  of  the  InAs  well  by  concurrent  In  and 
As  deposition.  After  the  InAs  well  was  complete, 
we  had  a  growth  interruption  of  50  s  with  As  on 
to  smooth  the  InAs  surface,  and  then  we  started 
the  top  barrier  with  a  0.7  ML  GaSb  deposition.  A 
TEM  cross-section  of  the  resulting  structure  is 
shown  in  fig.  4b.  We  can  see  that  TSLs  formed  in 
both  barriers,  but  they  appear  to  be  of  lower 
quality  than  TSLs  shown  in  fig.  1.  Aside  from  a 
thicker  buffer  layer  and  a  slightly  lower  Al  con¬ 
tent,  the  only  difference  in  the  growth  of  the 
bottom  TSL  of  the  CBQW  and  the  TSLs  shown  in 
fig.  1  was  the  presence  of  a  background  Asj 
pressure  of  approximately  3x10“’  Torr  BEP 
during  the  CBQW  growth,  which  was  unavoidable 
since  As,  was  needed  for  the  InAs  well  growth. 
We  suspect  that  the  presence  of  Asj  on  the  grow¬ 
ing  surface  may  have  interfered  with  the  step-flow 
growth  and  therefore  caused  the  poor  TSL  quality. 
In  any  case,  a  survey  over  the  entire  TEM  sample 
revealed  no  apparent  degradation  of  the  top  TSL 
with  respect  to  the  bottom  one,  indicating  that  the 
InAs  layer  itself  had  little  adverse  effect  on  the 
TSL  formation.  A  puzzling  feature  of  the  micro¬ 
graph  in  fig.  4b  is  the  appearance  of  dark  regions 
at  both  InAs/(Al,Ga)Sb  TSL  interfaces,  which  are 
visible  over  the  entire  TEM  sample.  We  do  not 
know  whether  they  are  caused  by  strain,  or  are 
due  to  a  different  compound,  such  as  InSb.  having 
formed  at  the  interfaces,  but  it  should  be  noted 
that  the  two  dark  regions  appear  to  be  very  similar 
in  spite  of  the  fact  that  the  interfaces  were  grown 
in  different  sequences. 

Shubnikov-De  Haas  and  Hall  effect  measure¬ 
ments  revealed  a  very  high  electron  mobility  of 

6.1  X  10'  cmVV  ■  s  with  a  carrier  density  of  9.8  x 
10”  cm  ■  at  2  K.  which  we  believe  is  the  highest 
reported  mobility  for  an  InAs  quantum  well  to 
date.  Another  sample,  which  was  grown  simulta¬ 
neously  with  this  sample  but  on  a  semi-insulating 
(1(X))  GaAs  .substrate,  had  an  electron  mobility  of 
only  3.6  x  10'  cm^/V  •  s  with  a  carrier  density  of 

1.1  x  lO'^  cm  *  at  2  K.  Neither  sample  exhibited 
negative  persistent  photoconductivity,  in  contra.st 
to  high  mobility  AISb/InAs  wells  [5].  Surpri.s- 
ingly.  the  measurements  showed  no  significant 
ani.sotropy  of  the  transport  properties,  relative  to 
the  direction  of  the  TSL  stripes.  We  speculate  that 

I 

I 


I 


the  absence  of  any  anisotropy  might  be  related  to 
the  presence  of  the  intervening  dark  layers  in  fig. 
4b,  which  may  somehow  shield  the  electrons  in  the 
well  from  the  corrugations  in  the  barrier.  This 
point  clearly  needs  more  research,  as  does  the 
understanding  of  the  mechanism  responsible  for 
the  high  electron  mobility.  Of  particular  interest 
will  be  the  effects  of  different  substrate  orienta¬ 
tions  and  different  interface  growth  sequences. 


4.  Conclusions 

We  have  shown  that  AlSb  and  GaSb  can  be 
grown  by  step-flow  and  can  be  combined  to  grow 
tilted  superlattices  on  2°  A-type  GaAs  and  GaSb 
substrates,  in  spite  of  a  0.65^  lattice  mismatch. 
Lateral  fluctuations  in  the  tilt  angle  of  the  super¬ 
lattice  are  observed  and  are  found  to  be  caused  by 
a  non-uniform  adatom  redistribution  which  is  cor¬ 
related  with  the  surface  step  density.  (Al,Ga)Sb 
TSL  growth  was  also  combined  with  InAs  to  form 
a  corrugated-barrier  quantum  well  (CBQW)  with 
electron  mobilities  greater  than  6  X  10'  cm‘/V  ■  s. 
and  which  showed  no  anisotropy  relative  to  the 
stripe  direction  of  the  corrugated  barriers. 
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Resonant  tunneling  in  poly  type  InAs/AlSb/GaSb  heterostructures 
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Polytype  heterostructures  of  GaSb/AISb/InAs  show  interband  tunneling  due  to  the  -  0.14  eV  overlap  of  the  InAs  conduction 
band  and  the  GaSb  valence  band.  This  broken-gap  configuration  results  in  several  novel  mechanisms  for  negative  differential 
resistance  (NDR)  that  have  potential  applications  in  high-speed  devices.  Double-barrier  structures  exhibit  resonant  interband 
tunneling  with  high  peak-to-valley  current  ratios  due  to  the  resonance  enhancement  of  the  tunneling  current  and  the  bandgap 
blocking  of  the  nonresonant  current  components.  Using  InAs  as  the  base  in  a  double-barrier  polytype  heterosiructure.  resonant 
tunneling  at  room  temperature  through  a  quantum  well  as  wide  as  110  nm  has  been  demonstrated.  Also.  GaSb/InAs/AlSb/GaSb 
structures  have  exhibited  interband  re.sonant  tunneling  with  peak-ttvvalley  ratios  as  high  as  20: 1  at  .^00  K  and  peak  current  densities 
up  to  28  k.A/cm’.  In  addition  to  tunneling  expenments,  Ge  and  Sn  have  been  shown  to  be  well  behaved  p-type  dopants  for  GaSb 
grown  by  molecular  beam  epitaxy  (MBE),  exhibiting  free  acceptor  concentrations  as  high  as  2  X  lO”  and  5  x  10"^  cm  respectively. 


I.  Introduction 

Negative  differential  resistance  arising  from 
electron  tunneling  processes  has  been  studied  in¬ 
tensively  for  use  in  devices.  The  tunnel  diode, 
which  operates  via  interband  tunneling,  has  circuit 
applications  in  the  gigahertz  frequency  range.  Res¬ 
onant  tunneling  devices  fabricated  from  quantum 
wells  have  shown  the  potential  for  operation  at 
terahertz  frequencies  [1-3],  but  have  not  yet 
achieved  adequate  peak-to-valley  current  ratios  at 
room  temperature.  Recently,  resonant  interband 
tunnel  diodes  were  proposed  [4-7]  as  a  way  to 
combine  features  of  both  interband  and  resonant 
tunneling  in  one  device.  In  this  article  we  review- 
some  of  the  recent  results  of  interband  tunneling 
in  polytype  heterostructures  of  GaSb/AlSb/InAs 
including  both  double-barrier  and  zero-barrier  ex¬ 
periments.  High  peak-to-valley  ratios  are  observed 
in  these  devices  since  bandgap  blocking  is  effec¬ 
tive  in  suppressing  inelastic  as  well  as  elastic  tun¬ 
neling  proces.ses.  Furthermore,  resonant  tunneling 
via  a  confined  state  in  a  quantum  well  gives  rise  to 
a  large  negative  differential  conductance. 

In  addition  to  tunneling  devices  grown  by 
molecular  beam  epitaxy  (MBE),  we  have  demon¬ 
strated  p-type  doping  of  GaSb  by  Ge  and  Sn.  The 


observed  p-type  nature  of  Ge  and  Sn  dopants  in 
GaSb  as  well  as  the  absence  of  Sn  segregation  is 
attributed  to  the  large  covalent  bond  radius  of  Sb. 
These  dopants  are  important  since  they  provide  an 
excellent  alternative  to  Be  for  p-type  doping  of 
MBE  grown  Sb  based  materials. 


2.  Double  barrier  polytype  tunneling 

High  peak-to-valley  ratios  are  realized  in  inter¬ 
band  tunneling  because  bandgap  blocking  is  effec¬ 
tive  in  suppre.s.sing  inelastic  as  well  as  elastic  tun¬ 
neling  processes.  Compared  to  a  conventional 
double-barrier  heterostructure,  a  polytype  hetero¬ 
structure  operates  with  a  more  nearly  ideal  peak- 
to-valley  ratio.  For  example,  we  have  ob.served 
peak-to-valley  ratios  for  polytype  heterostructures 
(GaSb  electrodes/InAs  well)  more  than  three 
times  larger  than  those  for  the  corresponding  con¬ 
ventional  heterostructure  (InAs  electrode/InAs 
well  [8].  Interband  tunneling  in  the  InAs/AlSb/ 
GaSb  system  can  be  observed  because  of  the 
unique  band  alignment  of  these  materials.  As 
shown  in  fig.  1.  the  GaSb/AlSb  valence  band 
offset  is  0.4  eV  while  the  GaSb/InAs  valence 
band  offset  is  about  0.5  eV  [10,11].  InAs  and 
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InAs  AlSb  GaSb 

Fig  1.  Energy  band  alignmeni  for  the  InAs/AlSb/GaSb.  Ap¬ 
proximate  values  of  the  bandgaps  and  offsets  are  shown  in  eV. 


GaSb  thus  form  a  broken-gap  heterojunction,  with 
the  InAs  conduction  band  overlapping  the  GaSb 
valence  bard  by  about  0.14  e\'. 

Therefore,  in  this  material  system,  two  polytype 
configurations  are  possible:  InAs  well  with  GaSb 
electrodes,  and  GaSb  well  with  InAs  electrodes. 
Both  show  improved  characteristics  compared  to 
the  corresponding  monotype  structure.  However, 
for  fabricating  wide  wells,  the  smaller  effective 
mass  material  (InAs)  is  more  desirable.  To  under¬ 
stand  the  operation  of  these  devices,  a  double-bar¬ 
rier  structure  as  shown  in  fig.  2a  is  considered. 
The  first  confined  state  in  the  InAs  well  occurs  at 
about  40  meV  for  a  well  width  of  15  nm.  For 
applied  biases  less  than  about  0.14  eV.  interband 
tunneling  can  occur  across  both  barriers,  and  a 


large  resonant  current  will  flow  in  the  structure. 
Here  the  holes  in  the  GaSb  anode  tunnel  first 
through  the  AlSb  barrier  to  the  quantum-confined 
electron  states  in  the  InAs  well  and  then  through 
the  second  AlSb  barrier  to  the  hole  states  in  the 
GaSb  cathode.  In  the  two-band  model,  it  is  the 
light  holes  that  will  couple  to  the  electron  states  in 
the  well. 

At  higher  bias,  the  valence  band  edge  in  the 
anode  drops  below  the  confined  state  energy  in 
InAs.  and  the  tunneling  channel  is  cut  off  (fig. 
2b).  The  interband  tunneling  does  not  depend  on 
quantization  effects.  However,  with  thinner  InAs 
wells,  the  quantization  of  states  in  the  InAs  well 
leads  to  large  peak  current  densities. 

In  order  to  demonstrate  this  tunneling  process, 
we  prepared  samples  by  MBE  on  GaSb  substrates 
[11].  A  1  jum  thick  buffer  layer  of  GaSb  is  grown 
first,  followed  by  a  GaSb  electrode  (lO'^cm  ■'  p 
type).  Then  the  quantum  well  structure  is  grown. 
con.sisting  of  2.5  nm  AlSb  barriers  and  a  15  nm 
InAs  well.  The  lop  electrode  mirrors  the  bottom 
one.  so  that  the  structure  is  symmetric.  A  heavily 
doped  GaSb  cap  layer  completes  the  sequence. 
The  lop  contact  metal  is  Au/Ge.  which  .served  as 
the  etch  mask  in  forming  me.sas. 

The  /-K  characteristics  of  this  structure  at 
room  and  liquid  nitrogen  temperatures  are  shown 
in  fig.  3a.  The  valley  is  broad  and  deep,  with  a 
peak-to-valley  ratio  of  62 : 1  at  77  K  (13  : 1  at  300 
K)  and  a  peak  current  density  of  2.0  kA/cm‘  [7]. 
The  hysterisis  in  the  characteristic  can  be  ac- 


(a) 


(b) 


Fig  2.  Schematic  energy  band  diagrams  showing  the  operation  of  resonant  interband  tunneling  la)  and  the  handgap  blocking  at  the 

anode  barrier  (b). 
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Current  (mA) 

300  K  77  K 


Voltage  (V) 


(hi 

hig.  .V  /  -I  characteristics  for  double-harner  polylype  hetero- 
structures  with  a  2.5  nm  harrier  and  (a)  a  15  nm  InAs  well  and 
(h)  a  110  nm  InAs  well.  Both  devices  are  approximately  125 
^im  diameter  dins. 


counted  for  by  the  series  resistance  which  is  on  the 
order  of  a  few  ohms  and  is  not  present  in  devices 
of  much  smaller  area.  The  large  peak-to-valley 
ratio  is  attributed  to  the  reduced  valley  current 
compared  to  conventional  resonant  tunneling  di¬ 
odes,  in  which  a  high  density  of  transverse 
momentum  states  is  available  off  resonance.  In 
contrast,  excess  valley  current  in  interband  tunnel¬ 
ing  arises  from  relatively  rare  defect  levels  in  the 
bandgap.  or  from  higher  order  scattering  prcKesses. 

As  noted  previou.sly.  the  small  electron  effective 
mass  of  InAs  allows  for  the  fabrication  of  devices 
with  wide  quantum  wells.  Thus,  polytype  struc¬ 
tures  with  InAs  well  widths  from  15  to  1 10  nm 
were  grown  and  resonant  tunneling  l~V  char¬ 
acteristics  observed  at  room  and  liquid  nitrogen 
temperatures  (12],  For  well  widths  up  to  60  nm. 
the  peak  current  density  is  typically  2  kA/cm‘; 


above  60  nin  the  peak  values  are  reduced.  Non¬ 
etheless,  resonant  interband  tunneling  was  ob¬ 
served  for  110  nm  InAs  wells  with  low-tempera¬ 
ture  peak-to-valley  ratios  of  44:1  (fig.  3b).  The 
achievement  of  resonant  tunneling  in  a  very  wide 
quantum  well  has  striking  implications  for  poten¬ 
tial  three-terminal  devices  based  on  this  phenome¬ 
non.  Compared  to  the  GaAs/AIGaAs  system. 
InAs/AlSb/GaSb  offers  up  to  20  times  wider 
quantum  wells,  about  5  times  higher  base  conduc¬ 
tivity,  and  the  critical  advantage  of  the  availability 
of  good  ohmic  contacts. 

3.  Zero-barrier  polyty  pe  interband  coupling 

In  addition  to  the  polyiype  double  barrier 
structures,  large  negative  differential  resistance  at 
room  temperature  has  also  been  observed  in 
GaSb/lnAs/GaSb  and  InAs/GaSb/lnAs  struc¬ 
tures  and  attributed  to  resonant  interband  cou¬ 
pling  [13-15].  These  structures  repre.sent  the  zero 
barrier  thickness  limit  of  double-barrier  resonant 
tunneling  experiments  and  exhibit  large  peak  cur¬ 
rent  densities  due  to  the  resonant  coupling  of 
electron  states  in  InAs  with  light  hole  states  in 
GaSb  without  a  true  “barrier"  region.  However, 
peak-to-valley  ratios  lower  than  double-barrier 
polytype  structures  are  observed  because  in  the 
absence  of  AlSb  barriers  complete  bandgap  block¬ 
ing  does  not  occur. 

Resonant  interband  tunneling  has  aLso  been 
observed  in  GaSb/InAs/AlSb/GaSb  structures 
(16).  These  structures  combine  the  high  peak-to- 
valley  ratios  of  double-barrier  polytype  structures 
and  high  current  densities  of  zero-barrier  resonant 
interband  coupling  devices.  The.se  devices  demon¬ 
strate  that  even  in  the  absence  of  one  AlSb  bar¬ 
rier.  confinement  of  a  quasibound  state  in  the  well 
region  still  occurs  and  large  resonant  currents  are 
observed.  Peak-to-valley  ratios  comparable  to 
double-barrier  structures  are  also  exhibited  since 
bandgap  blocking  occurs  in  one  bias  direction  due 
to  the  presence  of  an  AlSb  barrier. 

An  equilibrium  schematic  band  diagram  of  a 
GaSb/InAs/AlSb/GaSb  structure  is  shown  in  fig. 
4a.  Under  low  reverse  biases  (right  GaSb  electrode 
positive  with  respect  to  the  left),  a  large  resonant 
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current  will  flow  in  the  structure.  Light  holes  in 
the  right  hand  GaSb  electrode  couple  with  the 
quasibound  electron  state  in  the  InAs  well  and 
tunnel  through  the  AlSb  barrier  into  available  hole 
states  on  the  left  (fig.  4b).  At  higher  bias  (fig.  4c), 
the  valence  band  of  the  GaSb  anode  moves  below 
the  confined  state  energy  in  InAs  and  eventually 
below  the  InAs  conduction  band,  thus  cutting  off 
the  tunneling  current  by  bandgap  blocking. 

For  low  forward  biases  a  large  resonant  current 
will  also  flow  as  light  holes  in  GaSb  electrode 
align  with  the  quasibound  state  in  the  InAs  well. 
.At  higher  biases  the  occupied  hole  states  in  GaSb 
move  below  the  confined  state,  cutting  off  the 
resonant  current  (fig.  4d).  However,  complete 
bandgap  blocking  does  not  occur  and  nonresonant 


(a) 


current  is  still  able  to  flow  through  a  barrier  width 
consisting  of  the  AlSb  barrier  and  a  triangular 
portion  of  the  InAs  well. 

Calculations  based  on  the  two-band  model  for 
asymmetric  double-barrier  structures  with  finite 
barrier  thickness  indicate  that  the  forward  reso¬ 
nant  current  will  be  greater  than  in  the  rever.se 
bias  direction  However,  valley  currents  in  the 
forward  direction  will  also  be  greater  due  to  the 
absence  of  complete  bandgap  blocking.  Therefore, 
an  asymmetric  cur.'ent-voltage  (I-V)  characteris¬ 
tic  is  anticipated  for  these  devices.  Under  forward 
bias  an  NDR  feature  similar  to  that  e.xhibited  by 
GaSb/lnAs/GaSb  structures  is  expected.  How¬ 
ever,  the  NDR  feature  in  the  reverse  direction  will 
re.semble  GaSb/AISh/lnAs  double-barrier  results 


(b) 


(c) 


(d) 


Fig.  4.  (a)  5>chematic  band  diagram  of  GaSh/InAs/AlSb/lnAs  structure  al  equilibrium,  (b)  Conduction  at  lov^  reverse  bia.'. 
<c)  Cut-off  due  to  bandgap  bkxking  at  higher  reverse  bias,  (d)  Cut-off  in  the  forward  bias  direction. 
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Voliage  (V) 


(b) 


Fig  5.  The  reverse  bias  region  of  the  current-voltage  characteristic  for  GaSb/InAs/AISb/GaSb  structures  with  a  20  nm  InAs  well 
and  1.5  nm  AlSb  barrier  at  room  temperature  (a)  and  a  40  nm  InAs  well  and  2.5  nm  barrier  at  *0  K  (b).  The  device  area  is 

10  '’em  ^ 


exhibiting  a  lower  peak  current  density  and  a 
larger  peak-to-valley  ratio  compared  to  the  for¬ 
ward  bias  direction. 

To  demonstrate  these  ideas,  samples  of  various 
well  and  barrier  widths  were  prepared  by  MBE 
[11].  The  reverse  region  of  the  current-voltage 
(/-I  )  characteristics  of  a  device  with  a  20  nm 
InAs  well  width  and  1.5  nm  AlSb  barrier  (fig.  5a) 
exhibit  peak-to-valley  ratios  of  20:1  (40 : 1  at  80 
K)  with  peak  current  densities  as  high  as  28 
kA/cm"  (35  kA/cm"  at  80  K.)  at  room  tempera¬ 
ture.  At  these  high  current  densities,  these  values 
represent  the  highest  peak-to-valley  ratio  meas¬ 
ured  in  polytype  tunneling  structures.  Higher 
peak-to-valley  ratios  were  demonstrated  in  similar 
structures  consisting  of  a  40  nm  well  and  2.5  nm 
barrier  (fig.  5b).  A  peak-to-valley  ratio  of  80:1 
(17:1  at  300  K)  was  measured  at  80  K  but  with  a 
peak  current  density  of  1.2  kA/cm^.  The  large 
valley  region  of  fig.  5b  is  indicative  of  the  band- 
gap  blocking  mechanism.  Although  not  shown,  a 
small  NDR  feature  in  the  forward  bias  direction  is 
also  commonly  observed  in  low-current  density 
samples.  This  feature  as  predicted  exhibits  higher 
peak  current  density  and  lower  peak-to-valley 
ratios  compared  to  the  NDR  feature  in  the  reverse 
bias  region. 


4.  Ge  and  Sn  p-type  doping  of  GaSb 

In  fabricating  these  tunneling  devices  the  GaSb 
electrodes  were  doped  with  Be.  which  to  date  has 


been  the  only  available  p-type  dopant  for  GaSb 
and  other  Sb  based  materials  grown  by  molecular 
beam  epitaxy.  Alternative  p-type  dopants  for  GaSb 
are  desirable  since  Be  is  highly  toxic  and  has  the 
problem  of  surface  segregation  at  high  doping 
levels.  We  report  here  the  first  results  of  p-lype 
doping  of  GaSb  by  the  group  IV  atoms  Ge  and 
Sn.  Typically,  group  IV  atoms  such  as  Si.  Ge  and 
Sn  are  well  known  amphoteric  dopants  of  III-V 
compounds;  they  can  incorporate  on  group  Ill 
lattice  sites  as  donors  or  on  group  V  lattice  sites  as 
acceptors.  The  site  on  which  the  impurity  is  incor¬ 
porated  depends  upon  the  covalent  radius  of  the 
impurity  relative  to  the  host  atoms  and  upon  the 
relative  availability  of  the  two  lattice  sites.  Usu¬ 
ally.  the  impurity  will  occupy  a  lattice  site  which 
most  closely  matches  its  covalent  radius,  since  this 
will  minimize  the  lattice  strain  and  therefore  the 
free  energy  of  the  crystal.  Roughly  speaking,  the 
free  energy  does  not  increase  much  for  incorpora¬ 
tion  of  an  impurity  on  a  larger  lattice  site,  but 
increases  rapidly  with  incorporation  of  a  large 
impurity  on  a  smaller  lattice  site.  Thus  impurities 
will  tend  to  incorporate  themselves  on  a  host  site 
larger  than  itself  rather  than  one  smaller  than 
itself.  Since  the  covalent  radius  of  Sb  is  much 
larger  than  Ga  and  As  it  is  reasonable  to  expect  a 
different  behavior  for  group  IV  impurities  in  GaAs 
and  GaSb. 

Typically,  Ge  and  Sn  will  act  as  donors  in 
GaAs  (17).  The  covalent  radius  of  Ge  (1.22  A)  is 
larger  than  that  of  As  (1.18  A)  and  smaller  than 
Ga  (1.26  A).  Therefore  Ge  will  tend  to  occupy  Ga 


656 


K.F  Longenhach  et  al.  /  Resonant  tunneling  in  polytype  InAs  / AlSh  /  GaSb  heterosiruciures 


lattice  sites.  In  the  case  of  Sn  (1.40  A),  its  covalent 
radius  is  larger  than  both  Ga  and  As  and  therefore 
tends  to  occupy  the  larger  Ga  site  in  order  to 
minimize  the  strain  in  the  lattice.  The  tendency  of 
Ge  and  Sn  to  occupy  Ga  sites  is  further  supported 
by  the  fact  that  more  Ga  sites  are  available  since 
MBE  is  an  arsenic-rich  growth  process.  However, 
one  difficulty  associated  with  Sn  doping  in  GaAs 
is  a  segregation  of  the  impurity  on  the  surface 
[17,18].  This  effect  is  partially  attributed  to  the 
large  covalent  radius  of  Sn  compared  to  both  Ga 
and  As,  which  makes  it  difficult  to  squeeze  itself 
into  either  host  site.  The  result  is  a  slow  rate  of 
incorporation  and  an  excess  accumulation  of  Sn 
on  the  surface.  Therefore  Ge  and  Si  are  favored  as 
n-type  dopants  in  GaAs. 

Group  IV  impurities  are  expected  to  behave 
differently  in  GaSb.  Since  the  covalent  radius  of 
Sb  (1.36  A)  is  larger  than  Ga,  group  IV  atoms 
should  tend  to  occupy  Sb  sites.  A  prior  study  by 
Subbanna  et  al.  [19]  demonstrated  that  Si  was  a 
partially  compensated  acceptor  in  GaSb.  This  be¬ 
havior  has  been  confirmed  by  us  and  we  have 
further  found  that  Si  is  actually  highly  com¬ 
pensated  in  AlSb.  The  high  degree  of  compensa¬ 
tion  is  observed  because  Si  has  a  small  covalent 
radius  compared  to  Al.  Ga  and  Sb.  and  thus  has 
little  difficulty  occupying  either  lattice  site.  Non¬ 
etheless.  in  GaSb  the  results  indicate  that  Si  pre¬ 
fers  occupation  of  the  larger  Sb  site  over  the  more 
closely  matched  Ga  site.  Ge  and  Sn  should  also  be 
acceptors  in  GaSb  since  their  covalent  radii  are 
larger  than  Si  and  thus  are  even  less  likely  to 
occupy  Ga  sites. 

To  study  these  dopants,  samples  were  grown  by 
MBE  on  (100)  InP  substrates  [11].  GaSb  layers  of 
1  pm  thickness  were  grown  and  doped  with  either 
Ge  or  Sn  at  a  variety  of  dopant  cell  temperatures. 
The  layers  were  grown  under  an  Sb  rich  environ¬ 
ment  at  a  substrate  temperature  of  500-550°C. 
Unintentionally  doped  samples  are  typically  p-type 
of  concentration  10'*’ cm  \  Hall  effect  measure¬ 
ments  were  used  to  characterize  the  carrier  density 
of  the  samples. 

The  results  of  our  Ge  doping  experiments  are 
given  in  fig.  6  which  shows  the  free  acceptor 
concentration  versus  inverse  cell  temperature.  The 
characteristic  is  linear  with  carrier  densities  up  to 


Fig,  6.  Free  acceptor  concentration  in  GaSb  a.s  a  function  of 
recipriK-al  temperature  for  the  Ge  source. 


2  X  10’"* cm'  \  The  samples  also  exhibit  Hall  mo¬ 
bilities  slightly  lower  than  our  typical  Be  doped 
samples,  indicating  a  low  level  of  compensation. 
These  results  also  indicate  that  although  the  cova¬ 
lent  radius  of  Ge  is  slightly  smaller  than  Ga  and 
the  growth  is  Sb  rich,  incorporation  into  the  much 
larger  Sb  sight  is  preferred.  Thus,  Ge  acts  similarly 
to  Si  but  exhibits  a  lower  level  of  compensation 
due  its  larger  covalent  radius. 

Compared  to  Si  and  Ge.  the  p-type  nature  of 
Sn  is  less  surprising  since  its  covalent  radius  is 
much  larger  than  Ga  and  comparable  to  Sb.  Thus, 
the  occupation  of  the  Sb  site  by  Sn  is  clearly 
favored.  For  Sn  the  free  acceptor  concentration 
versus  inverse  cell  temperature  (fig.  7)  is  quite 
linear  with  carrier  densities  up  to  5  x  10'*'  cm 
In  addition  to  this  well  behaved  acceptor  nature  of 
Sn,  Sn  does  not  appear  to  exhibit  surface  segrega¬ 
tion  in  GaSb  as  it  does  in  GaAs.  This  conclusion 
is  based  upon  RHEED  ob.servations  during  the 
GaSb  layer  growth.  During  the  growth  of  un¬ 
doped  GaAs,  the  surface  reconstruction  pattern  is 
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AISb/GaSb  structures.  Room  temperature  peak- 
to-va!ley  ratios  as  high  as  20:1  at  peak -current 
densities  of  28  kA/cm‘  have  been  observed.  These 
results,  in  addition  to  the  observed  resonant  tun¬ 
neling  in  110  nm  InAs  well  devices,  demonstrate 
the  potential  for  three-terminal  resonant  tunneling 
device  applications.  Finally,  results  on  Ge  and  Sn 
doping  in  GaSb  clearly  indicate  that  they  offer  an 
excellent  alternative  to  Be  for  p-type  doping  of 
MBE  grown  GaSb  and  AlSb.  These  materials  are 
also  important  for  infrared  detectors  and  lasers 
with  wavelengths  up  to  1.7  jam. 
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Studies  of  the  tunneling  currents  in  the  InAs/AlSb/GaSb 
single-barrier  interband  tunneling  diodes  grown  on  GaAs  substrates 

J.F.  Chen,  L.  Yang,  M.C.  Wu,  S.N.G.  Chu  and  A.Y.  Cho 

AT&T  Hell  Liihoratone^,  Murray  Hill,  \ew  Jersey  07974.  L'SA 


This  paper  studies  the  tunneling  currents  in  the  single-barrier  InAs/ AISb/GaSb  interband  tunneling  structures,  with  an  emphasis 
sm  correlating  with  the  handedge  alignment.  The  WKB  apprrtximatiiin  cttmbined  with  the  k-p  Iwtt-hand  model  are  used  i<>  analyze 
the  interband  tunneling  currents  sersus  the  harrier  widths  to  obtain  the  energy  level  in  the  AlSb  barrier  through  which  the  peak 
tunneling  currents  (Xteur.  The  obtained  energy  level  (0.4X  +  0. 1  eV  above  the  valence  band  maximum  ol  the  AlSh)  agrees  with  the 
salence-band  offset  between  AlSb  and  CTaSb  A  gtK'd  agreement  of  the  measured  peak  voltages  and  the  (  -  Tdata  with  the  predicted 
values  bv  the  theors  using  a  self-ciinsisteni  Schriklinger-Poisson  solver  is  obtained,  with  a  value  of  0,1?-  0.12  eV  for  the  InAs  CiaSb 
band  overlap. 


1.  Introduction 

The  large  conduction-band  offset  (between  InAs 
and  .AlSb)  and  the  band  overlap  (between  InAs 
and  GaSb)  have  drawn  the  use  of  the  InAs/ 
.AISb/GaSb  material  system  in  the  application  of 
tunneling  devices  [1-8]  recently.  Among  these  de¬ 
vices.  the  InAs/AlSb/GaSb  single-barrier  inter¬ 
band  tunneling  structure  utilizing  this  unique  band 
lineups  offers  flexible  designs  of  the  barrier  thick¬ 
ness  and  the  doping  concentrations.  The  interband 
tunneling  based  on  the  InAs/AlSb/GaSb  material 
system  was  first  studied  by  Takaoka  et  al.  [Ij. 
Recently.  Luo  et  al.  [6]  reported  their  observations 
of  negative  differential  resistance  (NDR)  at  room 
temperature  in  the  InAs/AlSb/GaSb  interband 
tunneling  structure.  An  improved  peak-to-valley 
current  ratio  (PVR)  of  4.5  :  1  with  a  peak  current 
density  of  3.5  kA/cm'  at  room  temperature  was 
recently  obtained  in  this  structure  [8|.  In  .spite  of 
these  achievements,  the  band  alignments  in  this 
material  system  are  still  not  completely  under¬ 
stood  [9].  This  paper  reports  our  studies  of  the 
tunneling  currents  in  the  single-barrier  InAs/ 
AISb/GaSb  interband  tunneling  structures  by  ex¬ 
perimentally  varying  the  barrier  thickness  to  ob¬ 


tain  the  information  about  the  bandedge  align¬ 
ment. 


2.  Experimental 

The  structure  of  the  InAs/.AlSb/GaSb  tunnel¬ 
ing  device  was  grown  on  a  n  -GaAs  (100)  sub¬ 
strate  in  Riber-230()  molecular  beam  epitaxy 
(MBK)  [U)]  system.  A  buffer  layer  of  a  I  /xm  thick 
InAs  (heavily  Si-doped)  was  grown  at  4(K)°C 
(growth  rate  of  0.5  nm/h)  with  a  comparable  As 
to  In  flux  ratio.  After  the  growth  of  InAs  buffer 
layer,  the  substrate  temperature  was  raised  to 
500°C  and  the  whole  diode  structure  was  subse¬ 
quently  grown.  The  n‘-InAs  layer  was  doped  by 
Si  with  a  doping  concentration  about  1  x  U)'*' 
cm  '.  AlSb  and  GaSb  were  grown  at  500  °C  and 
a  growth  rate  of  0.5  ft m/h  with  beam  equivalent 
pres.sure  (BEP)  latio  of  Sb  to  Al  or  Ga  about  3:1. 
The  undtvped  AlSb  layer  had  a  relatively  high 
resistivity  on  the  order  of  10'  Si  cm  found  in  a 
separate  calibration.  All  the  epitaxial  layer  thick- 
nes-ses  were  precisely  confirmed  by  the  cross-sec¬ 
tional  transmi.ssion  electron  micrographs  (TEM). 
All  the  grown  samples  show  mirror-like  surfaces 


(XI2:-024X/<)1/S0.T50  ■  IWI  Klscvier  Science  Publislicrx  B.V.  (Norlh-HollaniJ) 


66() 


J.F.  Chen  ei  a!.  /  Tunneling  currents  in  hiAs/ AlSh/ GaSh  smgle-harrter  inierhand  tunneling  duxies 


and  smooth  interfaces,  even  the  growth  started 
w'ith  a  lattice  mismatch  of  7.2%. 

3.  InAs/AISb/GaSb  single-barrier  interband  tun¬ 
neling  diodes 

The  band  diagram  of  the  single-barrier 
InAs/AlSb/GaSb  tunneling  diode  with  a  small 
forward  bias  is  shown  in  fig.  la.  Fig.  lb  shows 
typical  room  temperature  /-  V  characteri.stics  of 
the  devices  (60  /im  dots)  with  a  1.5  and  a  5.0  nm 
thick  AlSb  barrier,  respectively.  A  distinct  nega¬ 
tive  differential  resistance,  presumably  due  to  the 
interband  tunneling  process  as  shown  in  fig.  la. 
with  a  PVR  as  high  as  4.5  can  be  seen  at  the 
forward  bias  (GaSb  positive  with  respect  to  InAs). 
A  peak  current  density  of  3.5  kA/cnr  was  ob¬ 
served  for  this  device.  The  device  with  a  5  nm 
thick  .MSb  barrier  showed  a  rectified  characteris¬ 
tic.  Conductance  plot  showed  a  shoulder  with  a 
current  density  of  1.68  A/cm’  (PVR  =  2  at  77  K). 
This  relatively  low  peak  current  density  was  due 
to  the  reduction  of  the  interband  tunneling  prob¬ 
ability  by  the  thick  .AlSb  barrier  layer. 

The  eft  eels  of  AlSb  harrier  width 

Fig.  2  shows  both  the  peak  current  densities 
and  the  valley  current  densities  at  room  tempera- 


Fig.  2.  Dependence  of  ihc  peak  current  densil>  and  the  vaile> 
current  density  at  room  temperature  on  the  harrier  width.  The 
solid  line  repre.sents  a  hesi  fit  to  the  experimental  peak  cur- 
rents. 

ture  as  a  function  of  the  AlSb  barrier  widths.  The 
values  of  the  peak  current  density  shown  in  fig.  2 
display  an  excellent  exponentia'  dependence  on 
the  AlSb  barrier  widths.  This  behavior  suggests 
the  usage  of  the  Wentzel  Kramers- Brillouin 
(WKB)  approximation  [11]  for  the  tunneling  prob¬ 
ability.  According  to  our  calculation,  at  the  peak- 
current  bias  condition,  the  potential  drop  across 


f  »g  1  (a)  The  hand  diagrams  of  a  JnAs/AlSh/GaSh  .single  harrier  tunneling  diode  at  a  bias  of  0.02  V.  (b)  The  current  voltage 
characteristics  of  a  tunneling  diode  (60  gni  diameter  dots)  with  a  1  5  and  a  5.0  nm  AlSh  barrier.  respectivcK. 


J.F.  Chen  et  ai  /  Tunneling  currenlx  tn  InAs  /  AlSh /  (JaSh  singlc-harnt'r  inierhanJ  tunneling  diodes 


661 


the  AlSb  is  very  small  (for  example,  0.012  eV 
across  a  0.8  nm  thick  barrier).  This  small  potential 
drop  across  the  AlSb  allows  us  to  use  a  constant 
effective  wave  vector  in  the  WKB  approximation. 
To  obtain  the  energy  level  in  the  AlSb  barrier 
through  which  the  peak  tunneling  currents  occur, 
we  use  the  dispersion  relation  using  Kane's  k  ■  p 
two-band  model  [12],  The  direct  bandgap  of  the 
AlSb  (2.22  eV  for  the  T  valley)  was  used  in  this 
calculation.  Because  the  tunneling  energy  level  is 
close  to  the  valence  bandedge  of  AlSb,  the  value 
of  the  light  hole  mass  of  AlSb  (m*  =0.11nij)  was 
used  for  the  effective  mass  [13].  By  using  the  slope 
of  ip  versus  as  the  effective  wave  vector,  the 
value  of  £■,  thus  obtained  was  -1.74  +  0.10  eV 
(or  0.48  +  0.10  eV  above  the  valence  band  maxi¬ 
mum  of  the  AlSb).  This  value  agrees  with  the 
valence-band  offset  (0.40  ±0.15  eV)  between  AlSb 
and  GaSb  obtained  by  X-ray  photoemission  meas¬ 
urement  [9].  While  this  method  may  not  be  the 
best  way  to  determine  the  valence-band  offset 
between  .AlSb  and  GaSb,  our  result  indicates:  (a) 
that  the  experimental  dependence  of  the  peak 
current  on  the  barrier  width  suggests  the  usage  of 
the  WKB  approximation  for  the  tunneling  prob¬ 
ability;  (b)  the  application  of  Kane's  k  p  two- 
ban  1  model  in  calculating  the  wave  vector  of  the 
tunneling  carriers. 

.1.2.  The  effects  of  harrier  widths  on  peak  voltages 

The  peak  voltage  (voltage  value  at  which  peak 
current  is  observed)  was  measured  for  each  device 
and  compared  with  the  predicted  values.  As  a 
function  of  applied  voltage,  the  band  bending  and 
the  a.ssociated  quantum  states  are  obtained  by 
solving  the  Schrodinger  and  Poisson  equations 
self-consistently.  The  detailed  numerical  calcula¬ 
tion  can  be  found  in  ref.  (7|.  When  the  first 
suhband  of  the  electron  in  the  InAs  accumulation 
region  begins  to  exceed  the  valence  band  of  the 
GaSb  layer,  a  cut-off  of  the  interband  tunneling 
process  occurs.  The  predicted  cut-off  voltages  as  a 
function  of  the  AlSb  barrier  widths  are  shown  in 
fig.  3  for  different  values  of  the  band  overlap 
between  InAs  and  GaSb.  Tlie  experimentally 
measured  peak  voltages  for  each  sample,  after 
subtracting  the  parasitic  resistance  drop,  are 


'I _ : _ ^ _ _ ^ _ _J 
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Fig.  -T  Dependence  of  the  peak  voltage  on  the  barrier  width  for 
several  different  values  of  band  overlap  between  In.As  and 
CiaSb.  The  experimentally  measured  peak  voltages  lopen 
circles)  lie  between  the  curves  of  0.15  and  0,2  eV  for  the  band 
overlap  between  InAs  and  GaSb 


plotted  as  open  circles  in  fig.  3.  It  can  be  seen  that 
the  measured  peak  voltages  lie  between  the  curves 
of  0.15  and  0.2  eV  for  the  band  overlap  between 
InAs  arid  GaSb.  This  value  of  the  band  overlap 
agrees  with  the  value  (0.15  eV)  reported  in  ref. 
[14].  Considering  the  difficulties  in  obtaining  the 
intrinsic  peak  voltage,  agreement  between  the  in¬ 
trinsic  peak  voltages  and  the  cut-off  voltages 
calculated  by  using  a  value  of  0.15  eV  as  the  band 
overlap  was  obtained. 

3.3.  C-V  measurements 

The  low  conduction  of  the  tunneling  diode  with 
a  5  nm  thick  AlSb  barrier  layer  permits  an  accu¬ 
rate  capacitance- voltage  measurement.  The  meas¬ 
urements  were  performed  with  frequences  of  130 
MHz,  400  MHz,  and  1  GHz.  and  almost  identical 
capacitance-voltage  curves  were  obtained.  Fig.  4 
shows  that  in  the  forward  bias  condition,  the 
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fTg.  4.  Tho  measured  ( - )  and  ealeulaied  (4)  capaei- 

tanee-\oUagc  eharacteri.stics.  The  calculation  was  done  using  a 
Schrddmger- Poisson  solver.  The  carriers  with  a  sheet  con¬ 
centration  of  }.7  X  10'-'  cm  -  accumulate  at  the  interfaces  at 
0.6  V. 


capacilance  first  increases  from  16  pF  at  zero  bias 
linearly  with  the  bias  and  then  begins  to  saturate 
to  27  pF  after  0.5  V.  Under  the  forward  bias 
condition,  both  electrons  in  the  InAs  side  and  the 
holes  in  the  GaSb  side  accumulate  at  the  AlSb 
heterointerfaces.  However,  unlike  what  is  usually 
seen  in  the  C'-F  curve  of  a  Si/SiO-  capacitor,  the 
capacitance  does  not  saturate  to  a  constant  as 
soon  as  the  accumulation  occurs.  This  is  because 
the  width  of  the  wave-packet  of  the  bound  elec¬ 
trons  in  the  triangular  well  at  the  InAs/AISb 
interface  is  comparable  to  or  even  wider  than  the 
AlSb  barrier  thickness.  The  linear  increase  of 
capacitance  with  the  applied  voltage  is  mainly  due 
to  the  narrowing  of  width  of  the  electron  envelop 
wave-packet  in  the  InAs/AlSb  interface.  A  very 
good  quantitative  agreement  (within  10%)  between 
the  measured  C-  Fdata  and  the  calculated  results, 
from  a  self-consistent  Schrodinger-Poisson  solver 
using  a  value  of  0.15  eV  for  the  band  overlap 
between  InAs  and  GaSb,  was  obtained.  From  the 
C-  y  measurement,  we  estimated  a  sheet  con¬ 
centration  of  3.7  X  10'’  cm  ’  accumulated  at  the 
interfaces  at  forward  bias  0.6  V. 


4.  Summary 

The  tunneling  currents  in  the  InAs/AlSb/GaSb 
single-barrier  interband  tunneling  structures  was 
studied  experimentally.  We  summarize  our  results 
,3  follows;  (a)  The  experimental  dependence  of 
the  peak  current  on  the  barrier  width  suggests  the 
usage  of  the  WKB  approximation  for  the  inter¬ 
band  tunneling  probability,  (b)  By  using  Kane's 
k  ■  p  two-band  model  in  calculating  the  wave  vec¬ 
tor  of  the  tunneling  carriers,  the  energy  level  in  the 
AlSb  barrier  through  which  the  peak  tunneling 
currents  occur  was  obtained.  The  energy  level 
(0.48  +  0.10  eV  above  the  valence  band  maximum 
of  the  AlSb)  corresponds  to  the  valence-band  off¬ 
set  between  AlSb  and  GaSb.  (c)  The  experimen¬ 
tally  measured  peak  voltages  agree  with  the  pre¬ 
dicted  cut-off  voltages  calculated  by  using  a  value 
of  0.15  to  0.2  eV  for  the  band  overlap  between 
InAs  and  GaSb.  (d)  Good  quantitative  agreement 
between  the  measured  C-  V  data  and  the  calcu¬ 
lated  results  was  obtained,  using  a  value  of  0.15 
eV  for  the  band  overlap  between  InAs  and  GaSb. 
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Interband  tunneling  in  InAs/GaSb/AlSb  heterostructures 
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We  repurl  the  e\poriment.U  ohser%.ition  of  negative  differential  resistance  (NDR)  at  room  temperature  from  a  structure  consisting 
of  a  single  InAs(n)  (iaShipl  interface.  1  he  peak  current  densities  ranged  from  4.2  x  10^  to  S,(l  x  11)'’  A,,  cm'  depending  on  liovs  the 
structure  is  doped.  The  mechanism  that  causes  the  NDR  is  similar  to  that  of  an  Ksaki  tunnel  diode.  We  have  also  ohserved  NDR  at 
rsiom  temperature  in  a  seconsl  class  of  nosel  devices.  These  structures  ciuisist  of  a  thin  layer  of  ,AlSh  displaced  from  a  single 
In.Vstnl  CiaShip)  interface.  NDR  with  peak  current  densities  greater  than  l.hx  10'  A,  enf  is  seen  in  these  structures.  We  attribute 
the  increase  in  peak  current  densities  ysitli  the  addition  s>f  the  AlSh  barrier  to  the  formation  of  a  quasi-bound  state  between  the  AlSb 
!.i\er  .intl  the  In.As  (JaSb  mterface.  This  quast-Kiund  state  forms  either  in  the  conductitm  band  of  In.As  or  the  valence  hand  of 
(iaSb,  depending  on  evhere  the  ,AISh  harrier  is  pl.iced  and  leads  to  a  resonate  enhancement  of  the  current  in  the  structures. 


1.  Introduction 

Quantum  mechanical  tunneling  in  semiconduc¬ 
tors  as  well  as  negative  differential  resistance 
(NDR)  were  first  demonstrated  in  forward  bia.sed 
Esaki  dittdes  which  cymsist  of  a  degenerately  doped 
p  - n  junction  [  1 1.  The  discovery  of  NDR  generated 
a  tremendtius  amount  of  interest  and  research  into 
Hsaki  diodes  since  they  can  be  used  to  fabricate 
amplifiers,  t'scillators  and  high  speed  switches  [2J. 
-Xlthough  Esaki  diode  amplifiers  have  been  built 
that  operate  at  frequencies  as  high  as  85  GHz. 
they  have  two  important  weaknesses:  their  small 
current  densities  limit  them  to  much  lower  output 
powers  than  Gunn-effed  or  EMPATT  diodes,  and 
their  large  junction  capacitance  limits  them  to 
much  lower  frequencies  than  InAs/AlSb  double 
harrier  diodes  which  can  be  made  to  oscillate  at 
fundamental  frequencies  greater  than  700  GHz 

In  this  work  we  report  on  a  group  of  novel 
devices  which  show  room  temperature  NDR  due 
to  a  mechanism  similar  to  that  of  an  Esaki  diode 
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but  with  peak  current  densities  of  between  10'* 
and  10"  A/cut  (compared  to  <  10'  A/cnr  for 
Esaki  diodes  [2]).  These  devices  can  be  realized 
becau.se  of  the  unique  staggered  band  alignment 
of  InAs  and  GaSb  in  which  the  conduction  band 
of  inAs  is  150  meV  below  the  valence  band  of 
GaSb  [4],  A  schematic  representation  of  the 
InAs/GaSb  band  alignments,  which  is  strongly 
reminiscent  of  the  band  structure  of  an  Esaki 
diode,  is  shown  in  fig.  la.  Because  of  this  staggered 
band  alignment  a  layer  of  GaSb(p^)  grown  on 
InAsfn*  )  will  show  NDR  due  a  mechanism  simi¬ 
lar  to  that  of  an  Esaki  diode.  Such  devices,  which 
we  call  heterojunction  Esaki  diodes  (HED).  have 
been  grown  and  show  NDR  at  room  temperature 
with  peak  current  densities  ranging  from  4.2  X  10'* 
to  8.0  X  10'*  A/cm'  depending  on  how  the  struc¬ 
ture  is  dyiped. 

We  have  al.so  grown  a  second  class  of  novel 
structure.s,  which  we  call  resonance  enhanced  het¬ 
erojunction  Esaki  diodes  (REHED).  which  com¬ 
bine  favorable  a.spects  of  the  HED  with  those  of 
double  barrier  diodes.  The  structures  consist  of  a 
thin  layer  of  AlSb  displaced  from  a  single 
InA.s(n)/GaSb(p)  interface.  Schematic  band-edge 
diagrams  of  these  heterostructures  are  .shown  in 
figs,  lb  and  Ic.  These  devices  also  showed  NDR 
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strates  in  a  Perkin-Klmer  430  molecular  beam 
epitaxy  sy.slem  equipped  with  cracked  Sb  and  A.s 
sources.  The  details  of  the  crystal  growth  have 
been  reported  elsewhere  [5].  Elemental  Si  was  used 
to  dope  the  InAs  electrodes  n-type  (n  =  2  x  lO'^ 
cm  ')  and  the  GaSb  p-type  (  /?  =  5  x  lO’’'  cm  ') 
[6).  1(X)  A  undoped  spacer  layers  were  grown  on 
each  side  of  the  InA.s(n)/GaSb(p)  interface  ir 
sample  1 ;  there  were  no  undoped  spacer  layers  in 
sample  2.  In  samples  3.  4  and  5.  the  AlSb  layers, 
quantum  wells,  and  an  additional  100  A  spacer 
layers  on  the  InAs  sides  of  the  active  regions  were 
undoped. 

After  growth,  device  mesas  6  /am  in  diameter 
were  fabricated  using  photolithography  and  a  wet 
etch.  The  etch  was  stopped  in  the  In.As  epilayer  so 
that  no  current  flowed  through  the  GaAs  sub¬ 
strate.  .Au/Ge  was  used  to  make  ohmic  contact  to 
the  indisidual  devices.  Current -\oltage  (/~f  ) 
curves  were  measured  at  room  temperature  and  77 
K  by  probing  the  mesas  with  a  thin  gold  wire. 


at  room  temperature  with  peak  current  densities 
greater  than  10'  ,A  cmx  We  attribute  the  increase 
in  peak  current  densities  with  the  addition  of  a 
thin  MSb  barrier  to  the  formation  of  ;i  quasi- 
bound  state  between  the  In.As  Ga.Sb  interface 
and  the  AlSb  layer,  which  leads  to  a  resonant 
enhancement  of  the  device’s  current. 

2.  Experimental 

In  table  1  we  gi\e  the  laser  sequences  and 
thicknesses  for  the  samples  grown  for  this  study. 
The  samples  studied  were  grown  on  Ga.As  sub- 


3.  Results 

riie  dashed  line  m  fig.  2  shows  a  representative 
I  I  curves  for  the  HKD  structure  (see  fig.  la) 
without  undoped  spacer  layers  at  the  heterointer¬ 
face.  Bi>th  HKD  Structures  show  NDR  at  room 
temperature  with  peak  current  densities  greater 
than  8.2  -x  10'^  (4.0  x  10'^)  .A/cm'  for  the  struc¬ 
ture  with  (withoui)  undoped  spacer  layers  at  the 
heterointerface.  The  HFiD's  /  I  ' curses  are  sirtu- 
ally  unchanged  when  measured  at  77  K.  which 
indicates  that  thermionic  emission  plays  only  a 
minor  ri>le  in  the  large  valley  current.  The  ob- 
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F  ig.  1.  /  -  r  curNCN  lor  saniplo  2,  a  HKI)  Mructure  (dashed 
lino,  and  a  RhHF-,[')  sirueuirc  (solid  line.)  The  enhanced 
current  densitv  in  sample  3  is  consistent  with  resonant  tunnel¬ 
ing  via  a  quasi-hv'und  state  in  the  GaSh  quantum  well. 


>er\e(.l  tcmperaiure  stabilits  of  these  devices  be¬ 
tween  77  ansi  300  K  is  similar  to  that  of  conven¬ 
tional  F.saki  diodes  (2). 

The  results  for  the  RFHHD  structures,  whose 
schematic  band  edge  diagrams  are  shown  in  figs, 
lb  and  Ic  ;ire  more  complicated.  Both  types  of 
RHHFD  structures  showed  NDR  at  rosrm  temper¬ 
ature  with  peak  current  densities  ranging  from 
6T  x  10'  to  1.6  X  10'  ,A/cm‘  depending  on  the 
thickness  of  the  .AlSb  layer  used.  These  structures 
also  show  a  strong  dependence  of  the  peak  current 
density  on  the  distance  between  the  AlSb  barrier 
and  the  InAs/CiaSb  interface.  In  fact,  if  the  sep¬ 
aration  is  too  small,  no  NDR  is  observed.  The 
qualitative  behavior  of  both  variants  of  the  RR- 
HR.D  can  be  explained  by  the  existence  of  a 
quasi-bound  state  as  will  be  shown  in  the  discus¬ 
sion  section. 


4.  Discussion 

Because  the  NDR  observed  in  HED  structures 
(see  fig.  la)  is  not  associated  with  a  quasi-bound 
state,  which  may  have  a  long  lifetime,  they  hold 


promise  for  the  fabrication  of  high  speed  devices. 
The  intrinsic  upper  limit  of  this  structure's  o.scilla- 
tion  frequency  w'ill  be  determined  by  the  transit 
time  across  the  heterointerface  and  the  inherent 
frequency  response  of  the  materials,  as  well  as  the 
device’s  RC  time  constant.  Furthermore,  because 
this  device  can  be  grown  without  undoped  spacer 
layers,  limiting  processes  such  as  transit  time  de¬ 
lays  across  depleted  regions  which  can  be  im¬ 
portant  in  conventional  double  barrier  hetero¬ 
structures  will  be  eliminated  in  this  device  [7]. 

In  fig.  2  we  compare  typical  I  I’  curves  for 
samples  2  and  3  (see  table  1).  The  solid  curve  is 
for  the  REHED  structure  (see  fig.  lb)  and  the 
dashed  curve  is  from  the  previously  discussed  HED 
structure  (.see  fig.  la).  As  the  data  show,  the  struc¬ 
ture  with  the  AlSb  barrier  is  more  conductive  with 
a  peak  current  density  of  more  than  1.6x10' 
A/cm’.  This  unintuitive  behavior  can  be  under¬ 
stood  by  examining  the  transmission  coefficients 
of  these  structures.  Fig.  3  displays  transmission 
coefficients  for  samples  2  (dashed  line)  and  3 
(solid  line),  calculated  at  flat  hand  conditions  using 
a  two-band  model  which  incorporates  electrons 
and  light  holes  |8].  The  InAs  conduction  band 
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Fig  3.  rriinsniission  ciK’fficienls  for  samples  2.  a  HFT)  struc¬ 
ture  (dashed  line),  and  3.  a  RKHF.D  structure  (solid  line), 
calculated  at  flat  hand  conditions,  using  a  two-band  mode! 
which  inc(*rporaies  electrons  and  light  holes.  The  InAs  conduc¬ 
tion  hand  edge  is  taken  to  he  the  zero  of  energy. 
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edge  is  taken  to  be  the  zero  of  energy.  The  calcula¬ 
tion  shows  that  sample  3  possesses  a  broad  reso¬ 
nance.  in  the  region  between  the  InAs  conduction 
band  and  the  GaSb  valence  band,  which  peaks 
well  above  the  ma.ximum  transmission  probability 
for  the  HCD  structure.  The  calculation  indicates 
that  a  quasi-bound  state  forms  in  the  region  of  the 
crystal  between  the  InAs/GaSb  interface  and  the 
•AlSb  barrier  in  sample  3,  leading  to  resonant 
tunneling  of  carriers  across  the  structure.  The  for¬ 
mation  of  a  quasi-bound  state  in  the  REHED 
structure,  as  indicated  by  the  calculation,  is  con¬ 
sistent  with  the  experimentally  observed  en'.iance- 
ment  in  the  peak  current  density. 

As  a  further  demonstration  of  the  tunneling 
mechanism  described  above,  we  grew  structures 
corresponding  to  the  hand  edge  diagram  of  fig.  Ic. 
In  these  samples,  a  quasi-bound  state  will  be 
formed  in  the  InAs  quantum  well  due  ti>  the 
confinement  of  the  .MSb  barrier  and  the  partially 
reflecting  In.As,  Cia.Sb  interface.  The  current  den¬ 
sities  in  these  samples  are  smaller  than  those  in 
sample  3  due  to  the  thicker  .MSb  barrier  (see  table 
1 1.  In  fig.  4  we  show  /  E  curses  for  samples  4 
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clfeel  that  the  separation  between  the  AlSh  harrier  and  the 
InAs  (i.iSb  inicrfaee  has  (»n  device  performance  The  solid 
(dashed)  line  corresponds  to  a  structure  with  a  120  A  |7S  A) 
In.As  quantum  well. 


(solid  line)  and  5  (dashed  line).  The  only  dif¬ 
ference  between  them  is  the  width  of  the  In.As 
well.  As  the  figure  shows  for  a  narrow  well  there  is 
no  NDR  present  in  the  structure.  This  can  be 
readily  explained  since  our  calculations  show  that 
for  a  75  A  InAs  well  the  confinement  energy  of 
the  quasi-bound  state  pushes  it  above  the  valence 
band  edge  of  the  GaSb.  As  a  result,  this  resonant 
level  is  unavailable  to  electrons  tunneling  acro.ss 
the  structure  leading  to  a  quenching  of  the  NDR. 
This  demonstrates  the  diode's  sensitivity  to  the 
exact  placement  of  the  .MSb  barrier,  as  well  as 
that  resonant  interband  tunneling  can  be  observed 
with  the  AlSb  barrier  placed  on  either  side  of  the 
InAs/GaSb  interface.  .A  more  detailed  study  of 
the  REHED  structure  is  being  published  elsewhere 

5.  Conclusions 

In  conclusion,  we  base  demonstrated  three 
novel  variants  of  the  Esaki  diode:  HEDs  which 
consist  of  a  single  ln.^.s(n)/ GaSbip)  interface  and 
tw<i  types  of  REHED  structures  consisting  of  a 
thin  AlSb  barrier  displaced  from  a  single  In.As(n), 
(ia.Sb(p)  interface.  The  operati(m  of  these  struc¬ 
tures  is  dependent  on  the  unique  staggered  band 
alignment  of  InAs  and  GaSb  as  shown  in  fig.  la. 
The  mechanism  that  gi\es  rise  to  NDR  in  these 
structures  is  similar  to  that  of  an  Esaki  diode.  For 
devices  consisting  of  an  lnAs(n)/GaSb(p)  inter¬ 
face  we  observed  peak  current  densities  ranging 
from  4.2  X  lO'*  to  S.O  x  in'*  ,A/cm'  depending  on 
how  the  structure  is  doped.  We  have  also  observed 
NDR  at  room  temperature  in  a  novel  class  of 
devices  consisting  of  a  thin  AlSh  barrier  displaced 
from  an  InAs/GaSb  interface.  In  structures  with 
the  thinnest  .ALSb  barriers  we  observed  peak  cur¬ 
rent  densities  of  1. 6  X  lO^  .A/cnr  which  is  larger 
than  in  devices  without  the  AlSb  barrier.  We  also 
found  that  the  device's  /  f  chaiacteristics  were 
extremely  sensitive  to  the  placement  of  the  .MSb 
barrier.  This  sensitivity  as  well  as  the  enhance¬ 
ment  in  the  peak  current  density  is  consistent  with 
the  formation  of  a  quasi-bound  state  in  the  region 
of  the  crystal  bounded  by  the  InAs/GaSb  inter¬ 
face  and  the  AlSb  barrier  layer. 
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MBE  growth  of  GalnAsSb/ AIGaAsSb  double  heterostructures 
for  infrared  diode  lasers 

SJ.  Eglash.  H.K.  Choi  and  G.W.  Turner 

l.iHcnln  Lahnrtiiorv.  Mas^iui  huseiis  Institute  (if  Technology.  lA’.xin^ton.  Mii.s.sLiehusetts  USA 


I  or  the  fahncalion  of  dit>de  la^er^  emitting  near  2.?  ^m.  molecular  beam  epitax>  has  been  used  to  grow  double  heterostruetures 
consisting  of  a  (ia,, ^jln,,  As,,  ]4Sb|, active  layer  and  Al,,^„Cja,,-^i,As,,,)a^h,,.„.  Ciinfining  layers  lattice  matched  tti  a  OaSb 
Mibstrate  Because  the  sticking  coefficient  is  much  greater  for  Sb  than  for  As,  high  concentrations  of  Sb  can  be  incorporated  into  the 
.illov  lasers  esen  though  the  As  flux  during  growth  is  much  greater  than  both  the  Sb  flux  and  the  total  group  III  flux.  I'he  n-  and 
p-t\  pe  dopant  s<>urces  were  Gale  ano  Be.  respectisels.  The  lasers  hase  threshold  current  densities  as  low  as  1  5  kA  cm  .  differential 
quantum  efficiencies  as  high  as  ?t)'V.  and  pulsed  output  power  as  high  as  h(K)  mW  per  facet. 


1.  Intniduction 

Ucvelopnifiii  tif  efficient  semiconductor  diode 
Idscrx  ttiih  a  specified  emission  wayelengih  re¬ 
quires  the  asailability  of  an  active  layer  material 
having  the  appropriate  bandgap  together  with  high 
radiative  recombinatitm  efficiency  and  low  optical 
abstirption,  and  also  confining  layer  material  hav¬ 
ing  a  larger  bandgap  and  smaller  refractixe  index 
than  the  active  layer.  In  addition,  it  must  be 
possible  to  dope  the  confining  layer  material  both 
n  ;md  p  type.  For  alloy  materials,  accurate  com¬ 
position  control  is  necessary  to  obtain  uniform 
layers  having  the  desired  bandgap  and  lattice  con¬ 
stant.  Control  of  the  lattice  constant  is  important 
because  excessive  lattice  mismatch  produces  a  high 
density  of  dislocations,  which  are  detrimental  to 
laser  performance. 

The  only  efficient,  long-lived  diode  lasers 
fabricated  to  date  utilize  Cia.As.  Cialn.^s.  or  .A1 
CiaAs  active  layers  grown  on  CJaAs  substrates  for 
emission  from  0.8  to  1.1  fim.  and  Galn.AsP  active 
layers  on  InP  for  emission  from  1.1  to  1.6  /rm. 
High-performance  diode  lasers  with  emission 
waxelengths  in  the  range  from  2  to  5  /im  would  be 
of  both  practical  and  fundamental  interest.  Such 
lasers  would  be  useful  for  a  variety  of  applica¬ 
tions.  including  optical  communications  employ¬ 


ing  low-lo.ss  fluoride-based  fib  'is,  laser  radar  ex¬ 
ploiting  atmospheric  transmi...aon  windows,  re- 
my)te  sensing  of  atmospheric  gases,  and  molecular 
spectroscopy ,  Furthermore,  measurements  of  laser 
performance  could  help  to  elucidate  the  band- 
structure  dependence  of  loss  and  absorption 
mechanisms  such  as  .Auger  recombination  .nd 
free-carrier  absorption. 

Heterostruetures  composed  of  GalnAsSb  active 
layers  and  .AIGaAsSb  confining  layers  lattice 
matched  to  GaSb  substrates  meet  the  basic  re¬ 
quirements  for  efficient  diode  lasers.  .As  shown  in 
fig.  1.  where  the  bandgap  is  plotted  against  lattice 
constant  for  a  number  of  111  V  alloys,  lasers 
incorporating  these  materials  can  potentially  pro¬ 
vide  ryH'iii-temperature  emission  from  1.7  to  4.4 
|am  [1.2j.  Rixim-temperature  cw  operation  at 
wavelengths  from  2.0  to  2.3  ^m  has  been  reported 
(3.4)  for  GalnAsSb/ .AIGaAsSb  double-hetero¬ 
structure  lasers  grown  by  liquid  phase  epitaxy  on 
CiaSb  substrate.s.  and  pulsed  ryxwi-temperature 
operation  has  been  demonstrated  for  such  lasers 
grown  by  molecular  beam  epitaxy  (MBE)  [5.6]. 
We  have  used  MBE  to  grow  lasers  of  this  type 
emitting  at  2.3  jiim  with  threshold  current  density 
7,1,  as  low  as  1.5  kA  cm  ■.  differential  quantum 
efficiency  tjj  as  high  as  5()7f.  and  pulsed  output 
power  as  high  as  900  mW  per  facet.  This  value 
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is  equal  to  the  lowest  reported  previously  for 
GalnAsSb/ AlGaAsSb  diode  lasers  [3).  The 
and  output  power  values  are  the  highest  reported 
for  the  room-temperature  operation  of  diode  lasers 
emitting  beyond  2  /xm.  In  this  paper  we  discuss 
the  MBE  growth  procedures  that  have  been  used 
to  achieve  these  results. 


2.  Quaternary  alloy  compositions 


where  the  /"s  are  the  bowing  parameters  of  the 
indicated  ternary  alloys  (2],  To  avoid  the  forma¬ 
tion  of  misfit  dislocations,  it  is  necessary  ft>r  the 
active  and  confining  layers  to  be  matched  to  GaSb 
to  within  =  10  ’  or  less  [7],  where  Aa  = 

^op,  -  «suh-  and  x7,p,  and  are  the  lattice  con¬ 
stants  of  the  epitaxial  layer  and  substrate,  respec¬ 
tively.  For  Ga^ln, .  ,  As,Sb| .  ,  alloys  that  are 
lattice  matched  to  GaSb.  application  of  Vegard’s 
Law  gives 


In  the  present  work  we  chose  to  develop 
GalnAsSb/ AlGaAsSb  lasers  with  an  emission 
wavelength  of  2.3  jam  at  300  K.  For  a  quaternary 
alloy,  the  composition  dependence  of  the  band- 
gap.  E^(x.  r).  is  given  by  an  expression  that 
represents  a  weighted  average  of  binary  bandgaps 
and  ternary  bowing  parameters.  For  Ga.ln,  , 
As,Sb|  ,.  this  expression  is 

F^(  .v.  v) 


“  )  .^  ^■g.lnAs 

+  .v(  1  ~  y) 

+  (1  -  ,v)(l  - 
+  .v(i  -  +  (1 


(1) 


y  =  0.91(1 -.v)/(l -I- O.OS.v).  (2) 

0 

1  0 

?  20 

a 
(8 

»  30 

4,0 

50 

0  2  4  6  810 

lnAso.9iSbo.09  *  GaSb 

y  =  0.91(1 +0.05X) 

Fig.  2.  Bandgap  versus  .v  m  C}a,In,  ^AsjSbj  ,  alloys  lattice 
matched  to  GaSb. 
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The  solution  of  eq.  (1)  subject  to  this  condition 
gives  a  function  relating  and  .v  for  the 
GalnAsSb  alloys  that  are  lattice  matched  to  GaSb. 
This  function  is  plotted  in  fig.  2.  The  calculated 
lattice-matched  composition  with  correspond¬ 
ing  to  2.3  jum  is  Ga„  j(4ln(,  j^As,,  ,4Sb„i,^.  The  com¬ 
position  must  be  maintained  to  within  1%  of  these 
values  to  achieve  <  10“’’  and  SE^  <  0.01 

eV. 

Although  GaSb  has  a  larger  bandgap  than 
Ga,,  j,4lnij  ,^As„  ,4Sb„4,(,,  GaSb  is  not  a  satisfactory 
material  for  the  confining  layers  of  diode  lasers 
with  this  active  layer  composition,  because  the 
valence  band  offset  is  too  small  to  provide  suffi¬ 
cient  confinement  of  holes  and  because  the  refrac¬ 
tive  index  of  GaSb  in  the  vicinity  of  2.3  fim  is  not 
small  enough  to  provide  good  optical  confine¬ 
ment.  The  addition  of  A1  increases  the  band  off¬ 
sets  and  decreases  the  refractive  index.  Even  for 
moderate  Al  concentrations,  however,  the  lattice 
mismatch  between  Al^Ga,  ,Sb  and  GaSb  at  .300 
K.  =  6.5  X  10  ’.V.  IS  too  large  to  be 

accommodated  elastically  in  the  thick  confining 
layers  required  for  diode  lasers.  (This  mismatch  is 
five  times  larger  than  in  the  AlGaAs/GaAs  sy.s- 
tem.)  The  incorporation  of  small  concentrations  of 
As  yields  AlGaAsSb  alloys  lattice  matched  to 
GaSb.  For  the  present  work  we  have  chosen  con¬ 
fining  layers  of  Al^^dGa,, juASmuSbny^.  The  Sb 
content  must  be  maintained  to  within  1.4^  of  this 
value  to  achieve  <  10  ’. 


3.  Experimental  procedure 

J  J.  Growth  and  flux  calihration 


Layers  were  grown  on  commercial  Te-doped 
n-GaSh  and  semi-insulating  GaAs  (100)  sub¬ 
strates.  The  GaAs  substrates  were  used  for  grow¬ 
ing  test  layers  for  electrical  measurements,  while 
the  GaSb  substrates  were  used  for  the  other  test 
layers,  as  well  as  for  the  laser  structure.  The 
substrates  were  cleaned  in  solvents  and  etched, 
mounted  with  In  on  75  mm  Mo  holders,  loaded 
into  a  Varian  Gen  II  modular  MBE  system,  and 
heated  in  the  presence  of  the  appropriate  group  V 
flux  to  de.sorb  surface  oxides  and  other  contami¬ 


nants.  .At  this  point  a  sharp.  group-V-stabilized 
diffraction  pattern  could  generally  be  observed 
bv  reflection  high-energy  electron  diffraction 
(RHEED). 

The  sources  used  for  MBE  growth  were  the 
group  III  and  group  V  elements,  which  yielded 
beams  of  Al.  Ga.  and  In  atoms  and  of  AS4  and 
Sb4  molecules.  In  all  cases  the  As  flux  was  much 
larger  than  the  total  group  III  flux.  At  the  sub¬ 
strate  temperatures  employed  in  the  present  work, 
the  group  III  elements  have  sticking  coefficients  of 
approximately  unity,  and  the  growth  rate  is  de¬ 
termined  by  the  total  group  111  flux.  The  individ¬ 
ual  group  111  fluxes  were  calibrated  by  measuring 
the  frequency  of  the  RHEED  intensity  oscillations 
[8,9]  observed  during  the  growth  of  test  layers  of 
GaSb.  AlSb.  and  In  As. 

The  calibration  of  the  group  V  fluxes  is  more 
difficult  because  these  elements  do  not  have  unity 
sticking  coefficients  under  typical  growth  condi¬ 
tions.  The  effective  Sb  flux  incorporated  on  a 
Ga-rich  surface.  J^*.  was  determined  from  the 
frequency  of  the  RHEED  oscillations  observed 
during  growth  of  GaSb  under  Sb-limited  condi¬ 
tions  [10.11).  The  result  of  this  measurement  was 
consistent  with  a  determination  of  the  minimum 
Sb  flux  necessary  for  growing  GaSb  layers  with 
good  .surface  morphology.  Calibration  of  the  As 
flux  was  unnecessary  because  the  absolute  magni¬ 
tude  is  not  critical  under  the  excess  As  conditions 
u.sed  in  the  pre.senl  work. 

.1.2.  Measurement  and  adjustment  of  alloy  composi¬ 
tions 

The  initial  conditions  u.sed  for  Ga.ln,  ,As, 
Sb,  ,  and  AI.Ga,  ,As,Sb|  ,  growth  were 
established  in  the  following  manner.  The  group  III 
fluxes  were  chosen  to  yield  the  desired  Ga/ln  or 
Al/Ga  ratio  and  a  growth  rate  of  approximately  1 
/rm  h  '.  An  As  beam-equivalent  pressure  of  ap¬ 
proximately  4x  10  Torr  was  used,  to  give  a 
large  excess  As  flux.  The  effective  Sb  flux.  Jff,. 
was  set  at  (1  -  i  )Ly,||.  where  £7,11  is  the  total 
group  III  flux.  Because  Sb  is  incorporated  more 
readily  than  As  [12].  the  efficiency  of  Sb  incorpo¬ 
ration  is  expected  to  be  high  even  in  the  presence 
of  a  large  As  flux.  Layers  grown  under  these  initial 
conditions  were  characterized  as  described  below. 
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the  fluxes  were  changed  to  adjust  the  composition, 
and  additional  layers  were  grown  and  char¬ 
acterized  until  the  desired  bandgap  and  lattice 
constant  were  obtained. 

The  approximate  bandgap  of  the  GalnAsSb 
test  layers  was  obtained  from  the  peak  wavelength 
of  the  photoluminescence  spectrum  measured  at 
4.2  K.  using  the  647  nm  line  of  a  Kr  ion  laser  with 
d  power  density  on  the  sample  of  approximately 
600  W  cm  ".  a  SPEX  0.5  m  spectrometer,  and  a 
PbS  detector  cooled  to  77  K.  To  determine  the 
lattice  constants  of  both  the  GalnAsSb  and  Al 
Ga.AsSb  layers,  the  lattice  mismatch  between  these 
layers  and  the  GaSb  substrate  was  found  by  dou¬ 
ble-crystal  X-ray  diffraction  measurement!.,  using 
a  GaSb  first  crystal,  of  the  (400)  reflection.  The 
alloy  composition  was  measured  by  Auger  elec¬ 
tron  spectroscopy,  as  calibrated  by  Auger  analysis 
of  .MSb.  GaSb.  and  GaAs  layers  and  also  of  a 
thick  GalnAsSb  test  layer  whose  composition  had 
been  determined  by  electron  microprobe  analysis. 

For  the  GalnAsSb  test  layers,  the  composition 
was  calculated  from  the  measured  photolumines¬ 
cence  wavelength  and  lattice  mismatch  by  using 
eq.  ( 1 )  for  the  bandgap  and  Vegard's  law  for  the 
lattice  constant.  The  ratio  of  the  Ga  and  In  fra--- 
tions  calculated  in  this  way.  as  well  as  the  ratios 
obtained  by  Auger  analysis,  are  in  good  agreement 
with  the  ratio  of  the  Ga  and  In  fluxes.  The  growth 
rates  determined  by  cross-.sectional  thickness 
measurements  are  in  agreement  with  the  rates 
calculated  from  the  Ga  and  In  fluxes  by  assuming 
that  these  elements  are  incorporated  with  unity 
efficiency.  F'ig.  .7  shows  the  measured  Sb  content 
( 1  -  i  )  of  a  number  of  Ga  , In,  .As^Sb,  ,  layers 
as  a  function  of  Jst  normalized  to  the  total  group 
III  flux.  The  scatter  in  the  data  can  be  attributed 
to  the  dependence  of  Sb  incorporation  efficiency 
on  As  flux  and  substrate  temperature  which  were 
not  the  same  in  all  the  runs.  The  four  points 
falling  on  the  solid  straight  line  in  fig.  3  were 
obtained  for  layers  grown  in  four  runs  with  nomi¬ 
nally  the  same  As  flux  and  substrate  temperature. 
These  runs  were  the  ones  that  led  to  succe.ssful 
growth  of  the  active  layer  in  the  laser  structure. 

For  the  AI.Ga,  .  ASjSb,  ,  layers,  the  value  of 
( 1  -  V )  was  determined  from  the  measured  lattice 
mismatch,  on  the  assumption  that  the  ratio  of  .v  to 
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Fig.  y.  Anlimonv  contenl  (1  -  r)  of  (}a,In,  ,.As^Sbj  ,  anJ 
Al,Ga,  _  ,As,Sb,  ,  alloy.s  versus  effective  Sb  flux  AS  norma! 
i/cd  1(1  tolal  group  III  flux  The  da.xhed  line  shous  ihe  xalue. 
that  would  he  (ihtained  if  tiie  Sh  incorporation  cffieienes  were 
the  same  a.s  the  value  for  Ua-rieh  GaSh. 


(I  -  .V)  is  equal  to  the  ratio  of  the  Al  and  Ga 
fluxes.  This  assumption  is  supported  by  the  ob¬ 
servation  that  the  growth  rate  calculated  from  the 
total  group  III  flux  was  equal  to  the  value  de¬ 
termined  by  cro.ss-.sectional  thickness  measure¬ 
ments.  The  three  AIGaAsSb  points  in  fig.  3  that 
fall  on  a  .solid  straight  line  were  obtained  for 
layers  grown  in  runs  with  nominally  the  same  As 
flux  and  substrate  temperature.  These  runs  were 
the  ones  used  to  establish  the  conditions  for  grow¬ 
ing  the  confining  lavers  of  the  laser  structure. 

The  results  plotted  in  fig.  3  demonstrate  that 
substantial  Sb  concentrations  can  be  obtained  even 
in  the  presence  of  an  As  flux  that  is  much  greater 
than  the  Sb  flux.  The  dashed  line  in  fig.  3  shows 
the  values  of  ( 1  -  y  )  that  wnuld  be  obtained  if  the 
Sb  incorporation  efficiency  were  the  same  as  the 
value  for  Ga-rich  Ga.Sb.  The  experimental  values 
for  (1  -  i  )  fall  below  this  line,  indicating  that 
some  additional  Sb  desorption  occurs  in  the  pres¬ 
ence  of  a  concurrent  A.s  flux.  Furthermore,  the 
very  weak  dependence  of  (1  -  y)  on  J^*  exhibited 
by  AIGaAsSb  indicates  that  the  Sb  incorporation 
efficiency  is  reduced  even  further  when  the  A.s  flux 
is  large  and  (1  -  r)  is  clo.se  to  unity.  These  results 
arc  consistent  with  those  obtained  for  GaAsSb  by 
other  workers  [12  14|. 
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4.  Impurity  doping  and  transport  properties 

Nominally  undoped  layers  of  GaSb  and  A1 
GaAsSb  are  p  type.  Silicon  is  commonly  used  for 
n-type  doping  of  III-V  semiconductors  grown  by 
MBE,  but  neither  Si  [13]  nor  Sn  [12]  is  a  donor  m 
GaSb  and  AlGaAsSb,  so  the  group  VI  elements  S. 
Se.  and  Te  are  used  instead.  In  this  work,  the 
impurity  used  for  n-type  doping  was  Te  provided 
by  the  sublimation  of  GaTe  [15].  The  p-type 
dopant  was  Be.  which  is  conventionally  used  in 
the  MBE  growth  of  IIl-V  materials.  The  Van  der 
Pauw  technique  was  used  to  measure  the  carrier 
type,  concentration,  and  mobility  in  doped  test 
layers,  typically  1  to  2  /im  thick,  grown  on  semi- 
insulating  Ga,As  substrates.  For  n-type  AlGaAsSb. 
undoped  AlGaAsSb  buffer  layers  were  u.sed  to 
prevent  the  formation  of  a  two-dimensional  elec¬ 
tron  gas.  Although  GaSb  and  AlGaAsSb  layers 
grown  on  GaAs  substrates  will  contain  a  high 
density  of  misfit  di.slocations.  only  a  slight  de¬ 
gradation  of  the  majority  carrier  transport  proper¬ 
ties  is  expected. 

In  fig.  4.  the  electron  concentration  n  at  300  K 
in  GaSb  and  Al,, suGa,, As,i,„Sbogfr  layers  doped 
with  GaTe  is  plotted  versus  inverse  GaTe  source 
temperature.  The  values  of  n  for  GaSb  layers 
range  from  8  x  lO''  to  1  x  lO"*  cm  At  mod¬ 
erate  GaTe  source  temperatures,  n  exhibits  an 


1000/To.t.  (K  ') 


Fig.  4.  Electron  concentration  n  at  .100  K  versu.s  inverse  CiaTe 
source  temperature  for  n*GaSb  and  n-AlGaAsSb  layers  grown 
on  semi-insufating  GaAs  suhstrate.s  at  I  fim  h  '. 


Fig.  5.  Hall  mt^biUtv  at  .^00  K  versus  n  for  OaTc-doped 
n-GaSh  layers  grown  on  semi-lnsulaling  GaAs  substrates. 


Arrhenius  dependence  on  temperature.  The  line 
drawn  in  fig.  4  corresponds  to  a  sublimation  heat 
of  58  kcal/mol.  At  the  highest  GaTe  source  tem¬ 
peratures.  the  values  of  n  fall  below  this  line.  The 
electron  mobility  of  n-GaSb  layers  at  .300  K  is 
.shown  in  fig.  5.  A  mobility  of  4000  cm"  V  '  s  ' 
was  obtained  for  n  =  4  x  10"'  cm  \  As  expected, 
lower  mobilities  are  observed  at  higher  values  of 
n.  Somewhat  higher  mobilities  were  obtained  at  77 
K.  with  a  value  of  5850  cm’  V  '  s  '  for  n  =  6  X 
10‘’cm  ’.  The  n-type  doping  of  GaSb  grown  by 
MBE  has  been  investigated  by  other  workers  using 
S  [16.17].  PbSc  [18].  Te  [19].  SbTe,  [20].  and  PbTe 
[21 1.  The  electron  concentrations  and  mobilities 
obtained  in  this  study  by  using  GaTe  are  com¬ 
parable  to  the  best  values  that  have  been  obtained 
with  the  other  dopant  sources. 

For  compari.son.  a  GaTe-doped  GaAs  sample 
was  grown  with  a  GaTe  source  temperature  of 
435  “C.  The  electron  mobility  is  consistent  with 
minimal  compen.salion.  The  value  of  n  is  5  x  10’’ 
cm  '.  nearly  the  same  as  that  obtained  in  layers 
of  GaSb  grown  with  the  same  GaTe  source  tem¬ 
perature.  This  result,  together  with  the  Arrhenius 
behavior  described  above,  suggests  that  unity  in¬ 
corporation  and  doping  efficiency  of  Te  occur  in 
GaSb  layers  grown  at  moderate  GaTe  source  tem¬ 
peratures. 

For  CjaTe-doped  AIjj^oGao^d^Vsoj^Sbjjg^.  val- 
ue.s  of  n  as  high  as  1  x  1  O' ’em  '  were  obtained. 
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t'lg.  f>  Hole  concentration  at  ?00  K  versus  inverse  Be  source 
temperature  for  p-CiaSb  and  p-AIGaAsSb  layers  grown  on 
semi-insulating  GaAs  substrates  at  1  gm  h 

as  shown  in  fig.  4.  (The  plotted  values  of  n  have 
not  been  corrected  for  simultaneous  electron  con¬ 
duction  in  the  r.  L.  and  X  conduction  bands.)  Ft>r 
GaTe  source  temperatures  of  435'°C  (l(X)0/r  = 
1.412)  or  lower,  the  results  are  relatively  well 
behaved.  For  higher  .source  temperatures,  how¬ 
ever.  n  decreases  with  increasing  GaTe  tempera¬ 
ture.  and  the  measured  mobilities  are  anomalously 
high.  Anomalously  high  Hall  mobilities  observed 
in  other  semiconductors  were  shown  by  Wolfe. 
Stillman,  and  Rossi  [22|  to  result  from  conducting 
inhomogeneities  such  as  metallic  inclusions.  It 
therefore  seems  probable  that  conducting  inclu¬ 
sions  of  Te  or  some  Te-containing  species  are 
incorporated  in  our  AlGaAsSb  layers  grown  with 
high  GaTe  source  temperatures 

The  results  for  Be  doing  of  p-type  GaSb  and 
AlGaAsSb  are  straightforward.  Fig.  6  is  a  plot  of 
hole  concentration  p  versus  inverse  Be  source 
temperature.  Values  of  up  to  2  x  10"*  cm  ' 
have  been  obtained.  Also  shown  is  the  line  repre¬ 
senting  our  data  for  Be-doped  GaAs.  Many 
workers  have  found  that  unity  incorporation  and 
doping  efficiency  occur  for  Be  doping  of  GaAs 
under  normal  growth  conditions.  Since  most  of 
our  measured  points  for  Be-doped  GaSb  and  Al¬ 
GaAsSb  fall  near  the  line  for  Be-doped  GaAs.  we 
conclude  that  unity  incorporation  and  doping  ef¬ 
ficiency  also  occur  for  the  Be  doping  of  these 
materials.  The  deviations  shown  in  fig.  6  for  two 


samples  of  AlGaAsSb  may  have  resulted  from 
unintentional  variations  in  growth  rate  or  from 
non-optimum  growth  conditions. 

5.  Laser  characteristics 

The  laser  structure  consists  of  the  following 
layers;  0.75  jam  thick  n*-GaSb  buffer.  2  fim  thick 
n-AI„soGa|,^„'^s„,nSb„.,^  confining.  0.4  pm  thick 
Gaoj,4ln„,ftA.s„,4Sb„sg  active.  3  pm  thick  p- 
AI„5„Ga„,„As,||^Sb,m^  confining,  and  0.05  pm 
thick  p*^-GaSb  contacting.  Following  growth. 
Ti/Au  and  Au/Sn  layers  were  deposited  and  al¬ 
loyed  at  300  °C  to  form  ohmic  contacts  to  the  p*- 
and  n-GaSb  surfaces,  respectively,  and  broad- 
stripe  diode  lasers  300  jam  wide  were  fabricated. 

The  lasers  exhibited  uniform  near-field  emis¬ 
sion  patterns.  The  emission  spectrum  is  composed 
of  multiple  longitudinal  modes  centered  at  2.27 
/im.  as  shown  in  fig.  7.  Two  other  wafers  having  a 
layer  structure  similar  to  the  pre.sent  one  had  been 
grown  on  consecutive  days  about  a  year  earlier. 
Lasers  fabricated  from  the.se  two  wafers  had  emis- 
•sion  spectra  centered  at  2.29  jam  [6).  A  shift  in 
bandgap  from  2.29  to  2.27  ^xm  corresponds  to  a 
change  in  the  Ga^ln,  ,As,Sb|  ,  composition  of 
J.K  =  0.006  or  y  =  0.02. 

The  light  output  /.  versus  current  /  has  been 
measured  at  room  temperature  for  lasers  with 
cavity  lengths  from  .^(X)  to  700  jam.  Fig.  8  shows 
the  L~l  curve  for  a  .300  jam  long  device  measured 


WAVELENGTH  (pm) 

Fig.  7.  Emission  spectrum  al  295  K  of  a  GaInAsSb/AIGaAs.Sb 
ditxle  laser. 
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CURRENT  (A) 


Fig.  N.  Light  output  versus  current  characteristic  of  a 
CiaIn,\sSh.'AlCiaAsSb  laser  under  pulsed  conditions. 


with  20()  ns  pulses.  From  this  curve.  =  2.1  kA 
cm  '  and  tjj  =  SO'?.  The  maximum  power  output 
is  900  mW  per  facet,  limited  by  failure  of  the 
probe  point  contact  to  the  Ti/Au  metallization. 
Values  of  as  low  as  1.5  k.A  cm  -  were  ob¬ 
tained  for  devices  with  a  cavity  length  of  700  jim. 
■Such  low  values  indicate  that  Auger  recombina¬ 
tion  is  not  a  serious  problem  in  the.se  lasers,  con¬ 
trary  to  earlier  predictions  [2.7].  The  value  of  l/ij,, 
was  found  to  depend  linearly  on  cavity  length:  the 
length  dependence  yields  an  internal  loss  coeffi¬ 
cient  of  less  than  45  cm  '.  This  low  value  indi¬ 
cates  that  free-carrier  absorption  is  not  a  serious 
problem  in  these  lasers.  The  values  for  tjj  and 
power  output  are  much  higher  than  the  best  values 
reported  previously  for  any  diode  laser  emitting 
beyond  2  gm  at  room  temperature. 


6.  Conclusions 

MBE  has  been  u.sed  to  grow  lattice-matched 
GalnAsSb/  AIGaAsSb  double  heterostructures  sm 
GaSb  .substrates.  The  required  alloy  compositions 
were  obtained  by  adjusting  the  group  111  and  Sb 
fluxes  on  the  basis  of  bandgap  and  lattice  constant 
measurements  on  test  layers.  Carrier  concentra¬ 
tions  as  high  as  1  X  lO'"  and  1  x  10'^  cm  ’  were 
obtained  for  n-GaSb  and  n-AlGaAsSb.  respec¬ 
tively.  and  as  high  as  2  x  10"*  and  1  X  10"*  cm  ’ 
for  p-GaSb  and  p-AIGaAsSb.  respectively.  Mobil¬ 
ities  as  high  as  4000  and  5850  cm*  V  '  s  '  were 


obtained  for  n-GaSb  at  300  and  77  K.  respec¬ 
tively. 

Diode  la.sers  emitting  near  2.3  gm  fabricated 
from  these  double  heterostructures  exhibited  a 
threshold  current  density  as  low  as  1.5  kA  cm  ^ 
differential  quantum  efficiency  as  high  as  50^. 
and  pulsed  power  as  high  as  900  mW  per  facet. 
Auger  recombination  and  free-carrier  absorption 
do  not  appear  to  be  .serious  problems  for  these 
la.sers. 
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I.  Introduction 

A  vignil'ieanl  amount  ol  effort  has  reecntiv 
been  devoted  to  the  development  t'f  intrinvie  vcmi- 
eoiiduetor  deteetorv  for  infrared  (IR)  imaging  m 
the  1(1  12  gn  wavelength  range  |1|  Theve  devieev 
.ire  uvualK  made  from  the  11  V  I  Hg,  ,(  d  ,Te 
ternarv  allov  (2|.  heeauve  no  bulk  IK  V  material 
hiive  suffieientiv  .vmal!  handgaps  at  77  K  fivr  i<per- 
ation  III  this  wavelength  range.  Because  of  the 
noise  eonsideriitions.  photovoltaic  infrared  detec¬ 
tors  are  usuailv  preferred  over  photocondiielive 
ileviees  |.7].  The  photovoltaic  infrared  detectors, 
mainly  metal  insulator  semiconductor  (MIS)  and 
diode  devices,  are  limited  in  their  perlormancc  by 
dark  currents  caused  mostiv  by  electron  tunneling 

Also  at  ihc  ’Vexub  Ccnicr  f*>r  Supcrct»niluctivtt\  al  the  I'm- 

vcrsitv  t'f  IftHislcn 


fre>m  the  valence  btinel  to  the  conduction  band. 
The  problem  intensifies  at  long  wavelengths  be- 
vond  10  jitm  where  bandgaps  are  less  than  t).l  eV 
because,  in  a  conventional  bulk  semiconductor, 
the  bandgap  and  the  effective  mass  are  not  inde¬ 
pendent:  a  narrow  bandgap  leads  to  a  small  effec¬ 
tive  mass,  which  in  turn  causes  large  tunnel  cur¬ 
rents.  In  view  of  this  problem  with  bulk  semicon¬ 
ductors.  a  number  of  alternative  material  systems 
were  proposed  and  studied  for  IR  applications 
over  the  past  ten  years.  All  proposed  material 
svsiems  [4  7)  are  artificially  structured  super- 
lattices  that  reiiuire  synthesizing  using  advanced 
epitaxial  growth  techniques  such  as  molecular 
beam  epitaxy  (.MBF).  1  hese  synthesized  materials 
have  unique  properties  not  found  in  the  conven¬ 
tional  semiconductors.  For  IR  sensing  applica- 
ttons.  the  artificially  structured  superlattices  offer 
a  significant  advantage  over  the  conventional 


iKi;;.(i:4x  41  yo.i.sn  ■  i44i 


l  ivelier  Science  Publivherv  B,\’,  iNirnh-Hi'lkincI) 


678 


R.  Fushi' cl  al.  MBF  firowth  unJ charactcrizaium  of  In ^(lU ,  ^Sh /  InAs  SI.Ss 


semiconductors:  the  decoupling  of  the  bandgap 
and  the  effective  mass  to  first  order  approxima¬ 
tion  in  a  superlattice  structure.  In  other  words,  the 
bandgap  and  the  effective  mass  can  he  indepen¬ 
dently  tuned  in  a  superlattice,  and  it  is  possible  to 
design  an  IR  detector  with  both  a  sma/l  bandgap 
and  a  lari’e  effective  mass  [4|.  In  addition  to  the 
requirements  of  having  a  small  bandgap  and  a 
large  effective  mass,  a  potential  superlattice 
candidate  for  IR  applications  should  also  have  a 
large  ab.sorption  coefficient,  which  depends  on  the 
density  of  states.  The  novel,  type  II  strained-layer 
superlattice  (SLS)  system  of  InA.s-ln,Ga,  ,Sb 
proposed  by  Mailhiot  and  Smith  in  1987  meets  all 
three  requirements  [7]. 

In  the  In.As  In,Ga|  ,Sb  superlattice  system 
proposed  by  Mailhiot  and  Smith,  the  fvo  con¬ 
stituent  layers  are  not  lattice  matched.  The  inter¬ 
nal  strain  effects  caused  by  the  mismatch  are  used 
to  reduce  the  bandgap  of  the  In.As  quantum  wells. 
Calculations  showed  that  the  In.Ga,  ,Sb  InAs 
has  an  effective  mass  greater  than  that  of 
Hg,  ,C'd,Te  and  an  absorption  coefficient  com¬ 
parable  to  that  of  Hg,  ,Cd,Te  [8],  thereby  mak¬ 
ing  the  InAs  InGaSb  SLS  a  promising  material 
for  long-wavelength  IR  detection. 

Lxperimental  study  of  the  In^Ga,  >Sb  InAs 
SLS  system  was  recently  reported  by  Chow  et  al. 
[9],  with  all  epitaxial  structures  grown  on  GaAs 
(100)  substrates  bv  MBK.  We  have  undertaken  a 
similar  study  of  this  potentially  useful  material 
svstem  with  MBE.  However,  all  our  epitaxial 
structures  were  grown  on  GaSb(lOfl)  substrates  in 
order  to  reduce  lattice  mismatch  between  the 
free-standing  superlattice  structure  and  the  sub¬ 
strate.  Some  of  the  preliminarv  experimental  re¬ 
sults  are  reported  here.  .A  more  detailed  report  will 
appear  elesw  here. 


2.  F.xperimental 

All  epitaxial  structures  reported  here  were  pre¬ 
pared  in  a  commerical  Riber  MBE  system 
equipped  with  a  growth  chamber  and  an  analysis 
chamber.  The  reflection  high-energy  electron  dif¬ 
fraction  (RHEED)  facility  was  in.stalled  in  the 
growth  chamber,  while  the  Auger  electron  spec- 


$ 
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Fig.  1.  Schematic  diagram  i>f  a  ivpicai  InCiaSb- In.As  Sl.S 
structure. 


tro.scopy  (AES)  facility,  comprising  a  double-pass 
cylindrical  mirror  analyser,  was  installed  in  the 
analysis  chamber.  The  growth  chamber  had  one 
antimony  cell  producing  Sbj  and  two  arsenic  cells, 
a  standard  cell  producing  Asj  and  a  cracker  cell 
producing  As;.  The  GaSb  substrates  (typically  1 
cm  X  1  cm)  were  mounted  by  indium  soldering 
onto  the  .^-inch  molybdenum  blocks.  In.Ga,  ,Sb 
epilayers.  InAs  epilayers  and  In^Ga,  ,Sh- In.As 
SLSs  were  grown  on  GaSb(l()0)  substrates 
buffered  by  1.0  /am  homoepita.xial  GaSb  layers.  A 
.schematic  diagram  of  the  SLS  structure  is  shown 
in  fig.  1.  The  substrate  temperatures  above  4,^0°C 
were  measured  using  an  optical  pyrometer  and 
those  below  4.1()°C'  were  estimated  by  extrapolat¬ 
ing  the  substrate  heater  currents.  The  GaSb  and 
InAs  growth  rates  were  calibrated  from  in  situ 
RHEED  oscillations  and  were  0.9  and  0.1  /am/h, 
respectively. 

Superlattice  period  thicknesses  between  60  and 
.WO  A  were  investigated  with  growth  temperatures 
ranging  from  .170  to  500°C.  The  films  and  result¬ 
ing  structures  were  characterized  by  in  situ 
RHEED.  AES.  double-crystal  X-ray  spectroscopy 
and  Fourier  transform  infrared  (FTIR)  spec¬ 
troscopy.  To  characteriz.e  the  samples  with  X-rays, 
a  sealed  copper  source,  in  point  geometry  and 
running  typically  at  40  kV  and  .10  mA,  was  em¬ 
ployed.  The  monochromator  was  a  (220)  germani¬ 
um  single  crystal.  To  eliminate  the  Kn,  compo¬ 
nent.  an  adjustable  slit  was  placed  from  the  mono¬ 
chromator.  The  main  beam  dimensions  were  0.5  X 
.1  mm“.  This  arrangement  gave  a  radial  resolution 
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of  about  0.03°  FWHM  in  16  at  the  400  renection 
of  InAs. 

For  FTIR  analysis,  all  data  were  collected  with 
a  Bomen  DA  3.01  Fourier  transform  spectropho¬ 
tometer  u.sing  a  KBr  beam.splitter,  a  glowbar 
source  and  a  HgCdTe  detector.  The  spectra  were 
collected  at  a  resolution  of  2  cm  ‘  and  a  tempera¬ 
ture  of  about  6  K.  A  total  of  100  scans  were 
co-added  to  improve  the  signal  to  noise  ratio.  The 
samples  were  mounted  to  the  cold  finger  of  a 
Janus  continuous  flow  cryostat  which  had  been 
calibrated  to  allow  positioning  the  .sample  at  an¬ 
gles  at  0°.  20°.  40°  and  65°  with  respect  to  the 
incident  infrared  beam.  Angle  dependence  was 
obtained  to  confirm  the  two-dimensional  nature 
of  the  observed  transitions.  This  consisted  of  ob¬ 
taining  spectra  at  each  of  the  chosen  angles  start¬ 
ing  with  0°  and  increasing  to  larger  angles  and 
then  repeating  the  process  but  starting  at  65°  and 
decreasing  to  smaller  angles.  The  data  were  then 
compared  for  repeatabilitv. 


3.  Results 

A  great  deal  of  effort  was  devoted  to  grow  th  of 
InAs/GaSb  heterostructures  using  (AS4.  Sbj)  and 
(As,,  Sb4).  We  found,  with  the  aid  of  Auger  elec¬ 
tron  spectro.scopy.  that  in  using  (AS4,  Sbj)  InAs 
could  not  be  grown  following  growth  of  GaSb. 
Fig.  2  shows  two  Auger  spectra  from  two  different 
InAs/GaSb  samples,  one  prepared  using  (A.S4. 
Sb4)  and  the  other  (As,.  Sbj).  Each  of  the  the.se 
two  samples  consisted  of  a  nominal  150  A  InAs 
epiiayer.  The  upper  spectrum  was  obtained  from 
the  InAs/GaSb  sample  prepared  using  (Asj,  Sb4) 
and  shows  a  large  Sb  peak  at  454  eV.  while  the 
lower  .spectrum  was  recorded  from  the  sample 
prepared  u.sing  (As,.  Sbj)  and  shows  a  substan¬ 
tially  smaller  Sb  peak  at  454  eV.  In  samples  pre¬ 
pared  u.sing  (.Asj.  Sb4).  the  absence  of  InAs  on 
GaSb  was  also  confirmed  by  Raman  spectroscopy. 
In  all  heterostructure  growth,  the  RHF.ED  pat¬ 
terns  remained  streaky,  indicating  the  presence  of 
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Fig.  2  Auger  specirii  for  ii  nnniinul  I.SO  ,A  InAs  epilavcr  on  a  fia.Sb  layer  grown  al  ulili/ing  (a)  Asj  and  (h)  As.  The  inability 

10  grow  In.As  on  CiaSh  using  Asj  is  evidenced  by  the  presence  of  a  large  Sb  peak  in  the  upper  spectrum  (al. 
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a  two-dimensional  growth  mode.  The  inability  to 
grow  InAs  on  GaSb  using  Asj  necessitated  the  u.se 
of  As,  in  growth  of  all  superlattice  structures. 

X-ray  diffraction  was  used  to  analyze  a  series 
of  25-period  150  A/150  A  In„,Ga„sSb-InAs  SLS 
structures  grow  n  on  GaSb(  100)  substrates  at  dif¬ 
ferent  substrate  temperatures.  Fig.  .1  shows  two 
.X-ray  diffraction  spectra  obtained  from  two  sam¬ 
ples  grown  at  different  substrate  temperatures. 
The  upper  spectrum  was  obtained  from  Sample 
.■<81,  which  had  a  growth  temperature  of  420°C. 
The  lower  spectrum  was  obtained  from  Sample 
281.  which  hud  a  growth  temperature  i>f  .180°C. 
The  spectra  were  taken  with  Cu  Ka,  radiation 
near  the  400  fundamental  of  the  GaSb(l(M))  sub¬ 
strate.  The  sample  grown  at  420°C  was  optically 


inactive  in  the  infrared  region,  whereas  the  sample 
grown  at  .180°C  showed  infrared  absorption  at  a 
12.6  jum  wavelength.  The  diffraction  profile  for 
Sample  281  indicates  a  .series  of  equally  spaced 
superlattice  peaks  centered  about  the  400  super- 
lattice  fundamental.  From  the  peak  positions  the 
average  perpendicular  lattice  parameter  of  the  su¬ 
perlattice  is  6.093  A  with  a  periodicity  of  300  A. 
The  theoretical  value  for  an  ideal  150  A/150  A 
In,, ;,Ga,ixSb/lnAs  coherently  strained  free  stand¬ 
ing  SL  based  on  elastic  energy  density  minimiza¬ 
tion  is  6.13  A  for  the  average  perpendicular  lattice 
parameter.  In  contrast,  the  diffraction  profile  for 
Sample  381  is  complex,  showing  superlattice  peaks 
which  yield  a  periodicity  of  220  .A.  The  high-angle 
peak,  closest  to  the  GaSb  400  peak,  does  not  fall 


1^  ig  l)ouhk’-kr\''ial  X-rj\  diffractum  >pcctra  ohiaincd  fri>in  a  25-pcrKH.}.  n<'nunallv  grinsn  11^0  .\  1.^0  .A  In,,  s(ia,,^Sb  ln.-\>  SI  S 
prepared  under  identiea)  Hu.x  e<»nd»n<>nH  a(  growth  femperalure.N  of  42()''C'  (Sample  3S1 )  and  (h)  3S()  C  (Sample  2S1 ).  1  he  etrdinale 

IS  arbilrarv  and  ihe  inlcnsc  peak.s  iriinealed. 
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Fig.  4.  Fourier  transform  infrared  (FT!Ri  spectra  for  a  25-peru>d.  nominalls  grown  150  .A, '150  .A  In,, -Ga,, ^Sb- [nAs  SLS  grown  at 
580'^C'.  The  spectra  arc  displayed  as  a  function  of  incident  angle  Tl.  •  abM>rbance  scale  reflecis  the  values  obtained  for  each  spectrum 

and  IS  n-  i  drawn  to  scale. 


into  the  superlattice  spacing  sequence  and  is  prob¬ 
ably  due  to  interdiffusion  between  the  InA.s  and 
In,Ga,  ,Sb  constituent  layers. 

In  addition  to  X-ray  diffraction,  the  SLS  sam¬ 
ples  were  also  characterized  by  FTIR  for  infrared 
absorption.  Fig.  4  shows  three  FTIR  spectra  ob¬ 
tained  from  Sample  281  at  three  incident  angles  of 
0°.  40°  and  65°.  The.se  spectra  were  measured  at 
6  K.  The  strong  absorption  at  a  wavelength  of 
12.6  jum  indicates  that  the  InGaSb-InAs  SLS 
system  is  a  viable  material  for  long-wavelength 
infrared  detection.  Further  optimization  of  the 
epitaxial  structure  and  the  growth  conditions  is  in 
progress. 

4.  Summary 

We  have  experimentally  investigated  the  In- 
GaSb-InAs  SLS  system  proposed  by  Mailhiot 


anu  SmHh  lor  1  ng-wavelength  infrared  detection. 
The  epitaxial  structures  were  all  grown  on 
GaSb(lOO)  substrates  to  minimize  lattice  mis¬ 
match.  FTIR  measurements  indicate  that  this 
material  is  suitable  for  long-wavelength  infrared 
detection.  However,  the  quality  of  this  material  is 
highly  dependent  on  growth  conditions.  Further 
optimization  of  the  growth  conditions  is  essential 
and  is  underway  in  our  laboratory. 
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A  sel  of  InAs/Ga,  _  .In.Sb  superlatlices  has  been  grown  by  molecular  beam  epitaxy.  The  superlalliees  are  deposited  on  thick, 
stress-rela.xed  buffer  layers  of  GaSb  on  (lOO)-orienled  GaAs  substrates.  A  short-peritsd.  heavily  strained  superlattice  has  been  inserted 
at  the  GaAs/GaSh  interface.  Transmission  electron  microscope  (TF.M)  images  reveal  that  a  dense  network  of  disUxations  forms  at 
this  interface,  with  the  vast  majority  of  threading  disKx'ations  propagating  no  further  than  the  first  1000  A  of  the  GaSb  buffer  layer 
Planar  superlattice  layers  are  observed,  with  no  evidence  of  stress  rela.xation  between  the  layers  or  between  the  InAs/Ga,  ,ln.  Sb 
superlattice  and  GaSb  buffer.  .Analysis  of  X-ray  diffraction  satellites  reveals  that  cross-incorporation  of  As  in  CiaSb  and  Ciai  ,  In  ,Sb 
layers  is  virtually  eliminated  at  low  growth  temperatures.  Photoconductivity  spectra  from  the  superlattices  display  sharp  photix'urrent 
thre.shold  energies,  in  agreement  with  previously  published  energy  gaps  derived  from  calculations  and  phoioluminescence  data. 
Thresholds  in  the  !i-14  gm  range  are  obtained  from  superlattices  with  very  thin  layers  (  =  40  A),  which  are  necessary  for  strong 
optical  absorption  in  a  type  II  superlattice.  Finally,  an  absorption  coefficient  of  =  20(X)  cm  '  is  measured  at  10  gm  from  a 
superlattice  with  an  energy  gap  of  1 1.4  gm.  This  value  is  comparable  to  that  of  bulk  Hg,  ,Cd  ,Te,  the  current  industry  standard  for 
infrared  detectors  in  the  8-14  gm  range. 


I.  Introduction 

InAs/Ga, . , In ,Sb  superlattice.s  .show  promise 
as  materials  for  infrared  detection  in  the  8-14  fim 
range  [1-4].  In  comparison  to  Hg,  ,Cd,Te.  the 
current  industry  standard.  InAs/Ga,  ,In.Sb  .su¬ 
perlattices  are  expected  to  hold  several  ad¬ 
vantages:  (i)  a  higher  degree  of  uniformity,  which 
is  crucial  for  the  fabrication  of  large  infrared 
detector  arrays,  (ii)  smaller  leakage  currents,  due 
to  the  tunable  increase  in  effective  mass  available 
in  a  superlattice,  (iii)  reduced  Auger  recombina¬ 
tion  rates,  due  to  the  substantial  splitting  of  the 
light  and  heavy  hole  bands  and  the  increase  in 
electron  effective  mass  [“'j.  (iv)  better  understood 
device  processing  techniques,  and  (v)  compatibil- 

*  Formerly  al  California  Institute  of  Technology,  Pasadena. 

California.  USA. 


ity  with  GaA.s-based  readout  electronics.  Further¬ 
more.  the  performance  of  infrared  detectors  based 
on  InAs/Ga,  .In.Sb  superlattices  should  not  be 
limited  by  the  high  thermal  generation  rates  which 
preclude  large  D*'s  in  multiquantum  well  in¬ 
frared  detectors  (such  as  GaAs/AlGaAs  multi¬ 
quantum  wells,  for  example)  [6j. 

The  conceptual  basis  for  achieving  far-infrared 
energy  gaps  in  InAs/Ga,  , In, Sb  superlattices 
has  been  discussed  previously  [l-4j.  Briefly,  the 
broken-gap  band  alignment  between  the  two  con¬ 
stituent  materials  yields  a  small  energy  gap  for  the 
superlattice  once  quantum  confinement  effect.s  arc 
considered  (assuming  reasonably  thin  layers).  The 
presence  of  coherent  strain  between  the  In  As  and 
Ga, .  ,ln,Sb  layers  shifts  the  band  edges  such  that 
the  superlattice  energy  gap  is  reduced.  This  shift  is 
advantageous  because  narrower  energy  gaps 
(longer  cutoff  wavelengths)  can  be  obtained  with 


(K)22-0248/91/S03.50  '■  1991  -  Elsevier  Science  Publishers  B.V.  (North-Holland) 


684 


D.H.  OioH-  et  al.  /  Crowth  of  InAs /  (iui  ,  In ^Sh  IR  superUntiies 


reduced  layer  thicknesses,  leading  to  enhanced 
optical  absorption  and  carrier  transport  proper¬ 
ties. 

In  this  paper,  we  present  structural  and  optical 
characterization  of  a  set  of  InAs/Ga,  _ , In,Sb 
superlattices  grown  by  molecular  beam  epita.Ky 
(MBE).  Layer  thicknesses  and  compositions  have 
been  varied,  resulting  in  samples  with  energy  gaps 
ranging  from  80  to  340  meV  (3.5  to  15  jum). 
Structural  characterization  of  the  superlattices 
consisted  of  reflection  high  energy  electron  dif¬ 
fraction  (RHEED).  X-ray  diffraction,  and  (in  .some 
cases)  transmission  electron  micro.scopy  (TEM). 
Spectrally  resolved  photoconductivity  and  optical 
transmission  experiments  have  also  been  per¬ 
formed.  Absorption  coefficients  comparable  to 
tho.se  of  bulk  Hg,  ,Cd,Te  have  been  observed. 

2.  Growth  and  structural  characterization 

All  of  the  samples  di.scussed  here  have  been 
grown  by  MBE  on  (lOO)-oriented  GaAs  substrates 
in  a  Perkin-Elmer  430  system  equipped  with  both 
arsenic  and  antimony  crackers.  Measurements  of 
the  substrate  temperature  were  obtained  through  a 
thermiK'ouple.  which  was  either  in  contact  with  a 
molybdenum  block  (in  the  ca.se  of  indium-soldered 
substrates),  or  a  heat  diffuser  (in  the  case  of 
indium-free  substrate  mounts).  In  both  cases,  the 
thermocouple  readings  were  calibrated  to  optical 
pyrometer  readings  above  500  °C.  .At  lower  .sub¬ 
strate  temperatures,  a  transition  in  the  GaSb 
surface  reconstruction  under  an  Sb^  flux  from 
I  X  3  to  1x5  was  used  as  a  point  of  calibration 
for  thermocouple  readings.  Nominal  growth  rates 
were  calibrated  via  bulk  film  thickne.ss  measure¬ 
ments  and  RHEED  oscillations  measured  during 
homoepitax'al  growth  of  GaAs  and  InA.s.  A 
"nude"  ion  gauge  was  u.sed  to  monitor  the  Sb- 
and  As.  fluxes. 

Growth  of  each  of  the  superlattices  studied 
here  commenced  with  3000  A  of  GaAs.  grown  at  a 
substrate  temperature  of  600  °C.  Following  the 
GaAs  layer,  a  ten  period.  1  monolayer/1  mono- 
layer.  GaSb/GaAs  superlattice  was  deposited  at 
520  °C.  Spotty  RHEED  patterns,  indicative  of  a 
three-dimensional  growth  mode,  were  observed  al¬ 


most  immediately  upon  commencement  of  the 
short  period  superlattice.  However,  streaky 
RHEED  patterns  were  recovered  within  the  first 
100  A  of  a  5000  A  GaSb  buffer  layer,  grown  at 
420-450  °C  on  top  of  the  short  period  super- 
lattiee.  A  1  X  3  RHEED  pattern  was  ob.served 
throughout  the  deposition  of  the  GaSb  buffer 
layer,  which  is  stress  relaxed  (free  standing)  as 
determined  by  X-ray  diffraction.  Growth  was 
completed  by  deposition  of  an  InAs/Ga,  ,ln,Sb 
superlattice  on  top  of  the  buffer  layer.  The  choice 
of  GaSb  as  a  buffer  layer  material  for  the 
strained-layer  InAs/Ga,  >  In  ,Sb  superlattices  was 
made  because  of  the  intermediate  value  of  the 
lattice  constant  of  GaSb  with  respect  to  the  two 
constituent  material.s  of  the  superlattice.  Substrate 
temperatures  ranging  froni  350  to  400  °C  were 
selected  for  the  InAs/Ga,  ,In,Sb  superlattices 
studied  here.  Ga,  ,In^Sb  and  InAs  displayed  i  x 
3  and  1x2  surface  reconstructions,  respectively, 
as  observed  via  RHEED  patterns  during  growth 
of  the  superlattices.  For  substrate  temperatures 
below  370 °C  (approximately),  a  transition  to  a 
1x5  RHEED  pattern  was  observed  during  grow  th 
interrupts  (in  an  Sb  flux)  on  Ga, .  ,  In ,Sb  surfaces. 

A  cros.s-sectional  TEM  photograph  of  an 
InAs/Ga,  ,In,Sb  superlattice  grown  by  the 
method  de.scribed  above  is  shown  in  fig.  1.  The 
figure  reveals  a  dense  network  of  diskxrations  at 
the  GaSb/GaAs  interface,  the  vast  majority  of 
which  do  not  propagate  past  the  first  1000  A  of 
buffer  layer  growth.  The  remaining  threading  dis- 
Uxations  persist  through  the  entire  structure,  with 
a  density  of  approximately  lO**  cm  There  is  no 
evidence  of  plastic  stress  relaxation  in  any  of  the 
superlattice  layers,  nor  between  the  superlattice 
and  buffer  layer.  In  .spite  of  the  high  threading 
di.slocation  densities.  TEM  images  reveal  smooth, 
planar.  InAs/Ga,  .  ,ln,Sb  superlattice  layers  over 
most  of  the  .sample  area.  It  is  likely  that  substan¬ 
tial  improvements  in  structural  quality  can  be 
achieved  by  growing  InA.s/Ga,  .  ,In,Sb  super¬ 
lattices  on  GaSb  substrates.  However.  GaAs  sub¬ 
strates  are  substantially  less  expensive  and  provide 
the  possibility  of  monolithic  integration  with  read¬ 
out  circuitry. 

Fig.  2  displays  (4(X))-like.  0/16  X-ray  diffrac¬ 
tion  data  from  an  80  peritxl.  41  A/25  A.  InAs/ 
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F  ig.  1.  Cross-sectional  TEM  image  of  an  InAs/Ga,  ,In,Sb  superlattice  grown  on  a  GaAs  substrate  by  the  method  described  in  the 
text.  A  dense  network  of  dislcxtations  is  observed  at  the  GaAs/GaSb  interface:  most  of  these  dislocations  do  not  propagate  past  the 

first  1000  A  of  the  GaSb  buffer  layer. 


Ga,|-,In|i;,Sb  superlattice,  grown  by  the  method 
described  previously.  The  period  and  average  in¬ 
teratomic  spacing  of  the  superlattice  has  been 
determined  from  the  X-ray  data  by  measuring  the 
satellite  spacings  and  zeroth  order  satellite  posi¬ 


ng.  2.  0/29  X-ray  diffraction  data  for  an  80  period.  41  A/25 
A.  InAs/Ga„75ln„25Sb  superlattice,  showing  (400)-like  dif¬ 
fraction  peaks.  The  sample  was  irradiated  with  Cu  Ka  X-ray.s. 
Each  peak  in  the  figure  is  bimodal  due  to  the  Ka  doublet.  The 
GaSb  buffer  and  GaAs  substrate  peaks  are  labeled. 


tion.  respectively.  This  information  is  sufficient  to 
compute  the  In  and  Ga  fluxes  used  during  growth 
(two  measured  quantities,  two  determined  varia¬ 
bles).  assuming  the  structure  is  in  a  known  strain 
state.  Hence,  the  layer  thicknesses  and 
Ga|,,In,Sb  composition,  .v.  of  the  superlattice 
can  be  determined  from  the  X-ray  data  without 
relying  on  nominal  growth  rates;  The  intensities  of 
the  superlattice  satellite  peaks  shown  in  fig.  2  are 
in  excellent  agreement  with  those  predicted  by 
kinematical  theory.  The  widths  of  the  peaks  are 
limited  by  the  resolution  of  the  X-ray  diffractome¬ 
ter  u.sed  here.  The  intensity  and  narrowness  of  the 
satellite  peaks  is  indicative  of  highly  regular  super- 
lattice  grow'th  with  limited  interdiffusion  between 
layers  [7]. 

The  position  of  the  GaSb  buffer  layer  peak  in 
fig.  2  indicates  that  there  is  virtually  no  cross-in- 
corporation  of  As  into  the  layer  (<0.1%).  We 
have  previously  reported  that  growth  of  GaSb 
(with  a  cracked  Sb  .source),  in  an  As  background 
produced  by  a  hot.  shuttered.  As  cracker,  yields 
.substantial  cros.s-incorporation  (7-30%)  of  As  over 
the  substrate  temperature  range  450-530 °C;  in 
that  study,  lower  substrate  temperatures  were 
found  to  yield  lesser  degrees  of  As-incorporation 
[8J.  A  substrate  temperature  of  approximately 
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425  °  C  was  chosen  for  growth  of  the  GaSb  buffer 
layer  in  the  sample  used  to  produce  fig.  2,  result¬ 
ing  in  the  virtual  elimination  of  As  from  the  layer. 
These  results  suggest  that;  (i)  increased  coverage 
of  Sb  on  the  GaSb  surface  occurs  as  the  substrate 
temperature  is  lowered,  and  (ii)  the  As-sticking 
coefficient  is  more  strongly  dependent  on  surface 
composition  (Sb-coverage)  than  substrate  temper¬ 
ature  over  the  temperature  range  studied  here.  The 
effects  of  increased  Sb-surface  coverage  would  be 
enhanced  if  AS4  molecules  dominate  the  As-back- 
ground  pressure  when  the  As  shutter  is  closed, 
since  adjacent  lattice  sites  are  required  for  incor¬ 
poration  of  AS4  into  GaAs  [9,10J.  We  have,  fur¬ 
thermore.  estimated  the  cross-incorporation  of  ar¬ 
senic  in  the  Ga,  _,.ln,Sb  layers  of  the  superlattice 
u.sed  to  produce  fig.  2  to  be  no  greater  than  1^. 
This  estimate  was  made  by  assuming  that  the 
nominal  GaSb  growth  rate  was  accurate  to  ±  20^. 
and  applying  the  X-ray  analysis  described  in  the 
previous  paragraph  to  determine  the  In  flux  and 
the  degree  of  ,As-incorporation. 

X  Optical  characterization 

Photoconductive  devices  have  been  fabricated 
for  this  study  by  chemically  etching  mesa  struc¬ 
tures  into  the  ItiAs/Ga,  _ ,  In  ,Sb  superlattices. 
Evaporated  aluminum  contacts  were  then  placed 
on  the  tops  of  the  mesas  and  etched  surfaces, 
forming  sets  of  diodes.  Fig.  3  displays  .spectrally 
resolved  photocurrent  data  from  five  InAs/ 
Ga,  ,ln,Sb  superlattices.  The  spectra  were  ob¬ 
tained  under  backside  illumination  at  different 
applied  biases.  All  of  the  data  pre.sented  in  fig.  3 
were  obtained  at  5  K;  to  date,  temperature  depen¬ 
dence  has  been  studied  in  only  the  25  A/25  A 
lnAs/Ga||7  ,In„2,Sb  ,superlattice,  revealing  no  ap¬ 
preciable  changes  in  photoconductive  response  up 
to  100  K.  As  can  be  seen  from  the  figure,  photo¬ 
conductive  thresholds  shift  to  lower  energies  as 
the  InSb  fraction  and/or  InAs  layer  thickness  are 
increased.  The  photoconductive  thresholds  dis¬ 
played  in  fig.  3  are  in  excellent  agreement  with 
previously  published  energy  gaps  derived  from 
calculations  and  photoluminescence  spectra  [4].  It 
should  be  noted  that  operation  in  the  8-14  fim 


Fig.  3.  Photoconductivity  spectra  from  five  in  In.As, 
GU)  ,  In  ,Sh  superlatiices. 

range  is  obtained  for  reasonably  thin  layers  (  =  40 
A),  which  are  necessary  for  strong  optical  absorp¬ 
tion. 

Fig.  4  contains  an  experimental  absorption 
.spectrum,  taken  from  the  41  A/25  A  InAs/ 


ENERGY  (meV) 

Fig.  4.  Mea.sured  absorption  coefficient  for  a  41  A/25  A 
lnAs/Ga„75lno25Sb  superlattice.  Absorption  at  10  fim  is 
comparable  to  that  of  bulk  Hg,  ,Cd,Te  with  the  same  energy 
gap.  The  small  amplitude  oscillation,s  observed  in  the  figure  are 
interference  fringes  re.sulting  from  a  difference  in  thickness 
between  the  sample  and  a  reference  piece  of  a  GaAs  substrate. 
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Ga||75ln,i;5Sb  superlattice  for  which  X-ray  and 
photocurrent  data  are  displayed  in  figs.  2  and  3. 
respectively.  The  superlattice  absorption  edge  is 
abrupt  (the  absorption  increases  by  one  order  of 
magnitude  within  10  meV  of  the  threshold  energy), 
attaining  a  value  of  approximately  2000  cm  '  at 
10  fim.  This  value  is  comparable  to  that  of  bulk 
Hg,  ,Cd,Te  with  the  same  energy  gap.  The  ob- 
.servation  of  large  absorption  coefficients  from  a 
type  II  .superlattice  is  con.sistent  with  the  predict¬ 
ion  of  large  electron  effective  masses  in  these 
structures,  which  may  reduce  leakage  currents  and 
Auger  recombination  rates.  Comparison  of  figs.  3 
and  4  reveals  that  the  absorption  edge  of  the 
superlattice  is  coincident  with  its  piiotoconductive 
threshold,  as  e.xpected. 

4.  Conclusions 

In  summary,  we  have  grown  a  set  of  InAs/ 
Ga,  ,  In  ,Sb  strained-layer  superlattices  by  molec¬ 
ular  beam  epitaxy.  The  superlattices  were  de¬ 
posited  on  thick,  stress  relaxed  GaSb  buffers  layers 
on  GaAs  substrates.  A  two-dimensional  growth 
mixle  is  recovered  within  the  first  100  A  of  the 
buffer  layer  when  a  short  period,  heavily  strained 
superlattice  is  inserted  at  the  GaAs/GaSb  inter¬ 
face.  TEM  images  reveal  planar  superlattice  layers, 
with  residual  threading  dislocation  densities  of 
approximately  10'' cm  However,  no  evidence  of 
stress  relaxation  in  the  superlattice  layers  has  been 
observed.  X-ray  diffraction  data  from  the  super¬ 
lattices  .show  intense,  .sharp  satellite  peaks,  which 
have  been  u.sed  to  determine  the  layer  thicknesses 
and  compositions  of  our  samples.  Further  analysis 
of  the  X-ray  data  is  consistent  with  the  virtual 
elimination  of  cross-incorporated  As  in  the  GaSb 
buffer  and  Ga,  ,ln,Sb  superlattice  layers  at  low 
growth  temperatures.  The  InAs/Ga,  ,ln,Sb  .su¬ 
perlattices  studied  here  display  sharp  photocon- 


ductive  thresholds  at  energies  which  agree  well 
with  calculated  energy  gaps.  Finally,  an  absorp¬ 
tion  coefficient  of  2000  cm  '  at  10  pim  has  been 
measured  from  a  superlattice  with  an  11  fim  en¬ 
ergy  gap.  As  this  value  is  comparable  to  that  of 
bulk  Hg|  ,Cd,Te.  we  feel  it  is  a  promising  result 
for  detectors  based  on  InAs/Ga,  >In,Sb  super¬ 
lattices. 
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We  propose  a  new  MBE  growth  method  for  InSb  microcr>stals  on  C'dTe  which  has  a  nearly  equal  lattice  constant  to  InSb.  The 
average  size  of  the  InSb  micrixrvstals  was  about  150  nmx200  nmx7()  nm.  This  method  is  based  on  the  Sb  incorporation  into  In 
droplets  and  thought  to  be  useful  for  fabricating  quantum  well  boxes. 


I.  Introduction 

Predictions  of  enhanced  electron  mobility  [1] 
and  drastic  improvements  of  laser  diode  character¬ 
istics  [2]  have  been  made  for  quantum  well  box 
systems.  In  spite  of  the  fundamental  interest  in 
making  quantum  well  boxes,  progress  in  their 
fabrication  has  been  ver>’  slow.  Although  the  elec¬ 
tron  beam  lithography  and  subsequent  argon  ion 
milling  have  been  demonstrated  for  the  fabrica¬ 
tion  of  the  quantum  well  boxes  [3]  the.se  dimen¬ 
sions  are  quite  difficult  to  handle  and  radiation 
damage  is  inevitable.  It  appears  highly  desirable  to 
look  for  alternative  methods  to  fabricate  quantum 
well  boxes  without  resort  to  lithography. 

In  this  paper,  we  propose  a  new  MBE  growth 
method  for  InSb  microcrystals  on  a  CdTe  epi¬ 
taxial  layer.  Since  the  CdTe  has  a  nearly  equal 
lattice  constant  to  InSb  and  a  larger  energy  gap 
than  that  of  InSb,  it  may  be  possible  to  fabricate  a 
quantum  well  box  system  by  covering  the  InSb 
microcrystals  by  a  CdTe  epitaxial  overlayer. 


2.  Experimental 

The  MBE  system  used  in  this  work  was  a 
conventional  commercial  system  (ANELVA-620) 
with  a  cluster  of  40  cm’  boron  nitride  effusion 
cells  in  a  common  liquid  nitrogen  shroud  and  an 
electron  gun  for  reflection  high  energy  electron 
diffraction  (RHEED)  with  a  primary  beam  energy 


of  30  keV.  This  system  was  capable  of  an  ultimate 
pressure  in  the  low  10  Torr  range. 

Elemental  In  and  Sb  and  compound  CdTe  in 
the  Knudsen  cells  were  used  as  molecular  beam 
sources.  The  incident  fluxes  of  In.  Sb  and  CdTe 
were  .separately  determined  by  measuring  the 
weights  of  these  films  deposited  on  glass  sub¬ 
strates  held  at  20  °C  and  beam  equivalent  pres¬ 
sure  (BEP). 

Prior  to  loading,  an  InSb  (001)  substrate  of 
5x5  cm’  area  was  solvent  cleaned  and  mounted 
onto  molybdenum  support  blocks  using  gallium 
solder.  Immediately  before  growth,  the  native 
oxide  was  removed  from  the  substrate  .surface  by 
heating  at  460  °C  in  an  Sb  flux. 

At  first,  an  InSb  buffer  layer  was  grown  onto 
the  substrate  at  430  °C  for  30  min.  The  thickness 
of  the  InSb  buffer  layer  was  about  500  nm.  The  In 
and  Sb  fluxes  during  growth  were  4  x  10’“*  and 
9  X  lO''*  atoms/cm*  •  s,  respectively.  Then  200  nm 
thick  CdTe  epitaxial  layer  was  grown  onto  the 
InSb  buffer  layer  at  200  °C  for  30  min.  Next.  In 
which  had  the  same  flux  during  growth  of  the 
InSb  buffer  layer  was  deposited  on  the  CdTe 
epitaxial  layer  fiir  30  s  at  200  °C.  After  deposition 
of  the  In  droplets,  an  Sb  flux  which  was  1  X  10’“* 
atoms/cm’  •  s  was  supplied  for  100  s. 

The  structures  of  the  samples  were  analyzed  by 
a  field  emission  type  high  resolution  scanning 
electron  microscope  (HRSEM)  and  transmission 
electron  microscope  (TEM). 
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3.  Results  and  discussions 

The  RHEED  patterns  observed  on  each  stage 
of  the  growth  process  are  shown  in  fig.  1  along 
complementary  (110)  and  (iTO)  azimuths.  The 
surface  reconstruction  of  the  InSb  buffer  layer  is 


pseudo  (1x3)  during  growth,  which  corresponds 
to  that  observed  by  Noreika  et  al.  [4]  for  the  flux 
ratio  of  the  antimony  and  indium  being  larger 
than  unity.  The  surface  reconstruction  changed  to 
In-stabilized  c(8  x  2)  at  200°C.  Tellurium  stabi¬ 
lized  (2x1)  surface  reconstruction  [5]  appeared 


f  ig  I  RHKFD  patterns  observed  on  the  growth  process  along  the  complementarv  (110)  azimuths:  fa)  surface  of  the  InSb  buffer 
laser  at  200 "C:  (b)  surface  of  the  C'dTe  epitaxial  layer;  (c)  In  deposited  surface  on  the  CdTe  epitaxial  layer;  (d)  surface  after  the  Sb 

supply  Left  column;  |110(;  right  column.  ili0|. 
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on  the  CdTe  epitaxial  layer.  Simultaneous  diffrac¬ 
tion  patterns  of  halo  and  (2x1)  reconstruction 
were  observed  on  the  In  deposited  surface.  Im¬ 
mediately  after  the  Sb  molecular  beam  radiation, 
the  RHEED  pattern  changed  to  the  spotty  feature 
with  streaks  along  (111)  and  (100)  azimuths.  The 
(111)  streaks  were  clearly  observed  along  the 
(110)  azimuth  rather  than  those  along  the  (iTO) 
azimuth.  Some  twin  spots  were  observed  along 
both  azimuths.  The  Debye  rings  caused  by  anti¬ 
mony  were  observed  simultaneously  after  about 
60  s  supply  of  antimony  molecular  beam. 

These  RHEED  observations  revealed  that  the 
In  droplets  deposited  on  the  CdTe  epitaxial  layer 
changed  to  InSb  epitaxial  microcrystals  truncated 
by  (111)  and  (100)  facets  after  the  antimony 
molecular  beam  supply.  The  (111)  facets  of  micro¬ 


crystals  are  well  defined,  but  the  (111)  facets  are 
not  so  clear. 

The  HRSEM  photographs  of  In  droplets  on  the 
CdTe  epitaxial  layer  and  the  microcrystals  grown 
by  the  Sb  molecular  beam  supply  to  the  In  drop¬ 
lets  are  shown  in  fig.  2.  The  surface  and  slightly 
oblique  side  views  are  shown  simultaneously  in 
the  figures.  The  shape  of  the  In  droplets  is  a 
hemisphere  and  the  average  diameter  of  the  drop¬ 
lets  is  120  nm.  The  standard  deviation  of  the  .size 
distribution  of  the  In  droplets  is  about  10%  in  any 
sample  prepared.  These  In  droplets  changed  to 
truncated  pyramidal  shape  microcrystals  having 
(111)  and  (100)  facets  after  the  antimony  flux 
supply.  The  base  size  of  the  pyramidal  micro¬ 
crystals  is  150  nm  X  200  nm  and  the  height  is 
about  70  nm.  The  (Ill)  facets  of  the  microcrystals 


Fig.  2  FtRSF.M  photograph.s:  (a)  In  droplets  deposited  on  the  CdTe  epitaxial  layer;  (b)  micriK'rystals  grown  by  the  Sb  molecular 

beam  .supply  to  In  droplets. 
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3.  TEM  photograph  of  the  inSh  microcrvsial. 


are  well  defined,  but  .iie  (111)  faeet.s  are  not  st> 
clear.  These  resu!:j>  correspond  to  those  of  the 
RHEED  observ  (lion. 

A  TEM  p'  otograph  of  the  micrtK'rystal  taken 
with  the  incident  electron  beam  along  the  <1I0) 
direction  for  the  cleaved  sample  is  shown  in  fig.  3. 
The  (111)  lattice  fringes  appearing  in  the  micro- 
crvstal  are  identified  as  those  of  InSb.  Some  InSb 


micriK'rvstals  covered  by  the  non-reacting  In  were 
observed  simultaneously  for  the  same  specimen. 

Irregularly  shaped  microcrystals.  who.se  size  was 
smaller  than  that  of  the  InSb  microcrystals.  were 
deposited  on  the  substrate  .simultaneously,  as 
shown  in  fig.  2.  The.se  crystals  were  crowded 
around  the  InSb  microcrystals.  These  irregularly 
shaped  microcrystals  and  the  Debye  rings  from 


fm-' 
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Kig.  4.  Schematic  explanation  of  growth  mechanism  of  the  InSh  micnKTvstals:  (a)  cross  sectional  view  along  <110)  a/imuth.  (h)  cross 

sectional  view  along  (110)  a/imuih 
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antimony  disappeared  after  10  min  of  subsequent 
annealing  at  300  °C.  So  we  can  conclude  that  the 
irregularly  shaped  microcrystals  around  the  InSb 
microcrystals  were  antimony. 

These  results  show  that  three-dimensional 
growth  of  InSb  microcrystals  occurs  by  the  anti¬ 
mony  molecular  beam  supply  to  the  In  droplets 
deposited  on  the  CdTe  epitaxial  layer.  Two-di¬ 
mensional  lateral  growth  of  GaAs  was  observed 
by  the  As  molecular  beam  supply  to  the  Ga  drop¬ 
lets  deposited  on  the  GaAs  substrate  [6].  In  this 
ca.se.  As  monoatomic  layer  adsorption,  which  was 
suitable  for  the  lateral  growth  of  GaAs,  occurred 
on  the  GaAs  surface.  On  the  other  hand,  Sb 
monoatomic  layer  adsorption  with  zinc-blende 
type  surface  structure  may  not  occur  on  the  CdTe 
surface. 

Fig.  4  shows  a  speculated  growth  mechanism  of 
the  InSb  micrcxrystal.  Di.s.solved  Sb  atoms  in  the 
In  droplet  diffuse  to  the  interface  of  In  and  CdTe. 
Then  InSb  crystallized  at  interface  epitaxially.  The 
niicrocrNstals  of  InSb  grow  up  by  the  ad.sorption 
of  Sb  atoms  like  A  and  B  in  the  figure.  On  the 
(111)  surface.  B  and  B'  are  nearly  equivalent  site; 
however,  site  B  is  more  stable  than  site  B'  on  the 
(111)  surface  for  the  growth.  Then  well  defined 
(ill)  facet  appears  but  (111)  facet  is  not  so  clear. 
Also  the  base  size  expansion  of  the  micrvxrystals 
is  easier  in  the  (110;  directitm  than  in  the  (110) 
direction.  .Since  the  e.xce.ss  Sb  atoms,  which  were 
not  soluble  in  the  In  droplets  migrate  on  the  CdTe 
surface  (C).  the  supersaturation  of  the  Sb  atoms 
around  the  In  droplets  increases  and  then  the 
density  of  Sb  microcrvstals  is  high  around  the  In 
droplets. 

The  size  of  InSb  microcrystals  depend  on  that 
of  In  droplets.  The  average  diameter  of  the  In 
droplets  on  the  CdTe  epitaxial  layer  may  decrease 
with  a  decrease  of  the  substrate  temperature 
and/or  an  increase  of  the  In  flux.  Provided  the  In 
droplets  changed  to  InSb  completely  by  the  supply 
of  Sb  molecular  beam,  a  quantum  well  box  .system 
composed  of  InSb  wells  and  CdTe  barriers  may  be 
fabricated  by  the  epitaxial  growth  of  an  CdTe 
overlayer  on  the  InSb  micrix-rystals.  Zahn  ct  al.  [T] 
reported  that  the  thin  interfacial  layer  of  the  In  Tcj 
is  formed  in  the  InSb  CdTe  interface.  They 


pointed  out  that  the  thickne.ss  of  this  layer  was 
dependent  on  the  substrate  temperature,  but  that 
it  w'as  below  some  tens  of  angstroms  thick  at 
temperatures  between  about  180  and  3.30  °C.  Al¬ 
though  we  have  not  investigated  the  interfacial 
layer  in  this  work,  it  may  be  nece.s.sary  for  decreas¬ 
ing  substrate  temperature  during  the  growth  proc¬ 
ess  to  fabricate  an  abrupt  interface. 

4.  Conclusion 

We  have  observed  three-dimensional  growth  of 
InSb  microcrystals  by  suppling  a  antimony  molec¬ 
ular  beam  to  the  In  droplets  deposited  on  the 
CdTe  epitaxial  layer.  Provided  the  In  droplets 
changed  to  InSb  completely  by  supply  of  an  anti¬ 
mony  molecular  beam,  the  quantum  well  box  sys¬ 
tem  compo.sed  of  InSb  wells  and  the  CdTe  barrier 
may  be  fabricated  by  growing  a  CdTe  epitaxial 
layer  over  the  InSb  microcrystais. 
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Wc  report  an  e.xperimental  study  of  the  linear  and  nonlinear  optical  properties  of  Bi,  ,Sb,  alloy  layers  grown  bv  MBE. 
Non-degenerate  four-wave  mixing  experiments  at  CO-,  laser  wavelengths  yield  a  large  third-order  nonlinear  susceptibility  (X*^’  *  -^-5 
X  10  esu).  Furthermore,  due  to  the  high  reflectivity  of  the  Bi,  ,Sb,  films  at  both  the  air  and  substrate  interfaces,  the  elalon 
formed  can  enhance  the  nonlinear  optical  signal  by  over  an  order  of  magnitude. 


it  ha.s  been  demonstrated  that  due  to  a  strong 
optical  modulation  of  the  electron -hole  plasma 
temperature,  zero-gap  and  narrow-gap  .semicon¬ 
ductors  such  as  HgTe  (1).  Hg,  .Cd.Te  (2). 
HgTe-CdTe  superlattices  [.''.4],  and  n-Sn,  ,Ge, 
[4,5]  tend  to  have  quite  large  third-order  nonlinear 
susceptibilities  (x''')  at  CO.  laser  wavelengths. 
Response  times  are  generally  found  to  be  in  the 
pico.second  range,  and  in  some  cases  there  is  little 
saturation  of  the  nonlinear  signal  at  high  optical 
intensities.  In  a  recent  publication  [6],  we  reported 
the  first  nonlinear  optical  study  of  another  nar¬ 
row-gap  .system;  Pi,  ,Sb.  films  grown  by  MBE. 
It  was  noted  that  the  band  structure  and  optical 
constants  of  Bi,  ,Sb,  are  quite  favorable  for  large 
optical  nonlinearitie.s.  and  measurements  con¬ 
firmed  that  even  at  ambient  temperatures,  the 
x'’''s  at  high  CO,  laser  intensities  are  among  the 
largest  ever  measured.  It  was  further  noted  that 
due  to  high  reflectivities  at  both  the  ambient  and 
substrate  interfaces,  the  as-grown  films  form  a 
relatively  efficient  Fabry- Perot  etalon.  However, 
the  films  studied  in  the  preliminary  work  were  of 
arbitrary  thickne.ss,  t.  and  hence  were  not  opti¬ 
mized  to  take  advantage  of  the  etalon  properties. 

It  was  pointed  out  in  an  earlier  study  [6]  that 
by  adjusting  t  to  match  A/2  in  the  medium,  a 
significant  etalon  enhancement  of  the  nonlinear 


optical  signal  should  be  achievable.  In  this  paper, 
ambient  temperature  four-wave  mixing  measure¬ 
ments  on  an  MBE-grown  Bi,  .  ,Sb.  film  of  opti¬ 
mized  thickness  are  presented  and  compared  with 
data  for  the  non-optimized  samples.  It  will  be  seen 
that  the  correlation  of  etalon  oscillations  in  the 
linear  reflectivity  spectrum  with  the  frequency  de¬ 
pendence  of  the  four-wave  signal  (Pj)  confirms  a 
strong  etalon  enhancement  of  t+ie  nonlinear  opti¬ 
cal  response. 

Bi,  .Sb.  films  were  grown  by  MBE  onto  [111] 
BaFj  substrates  in  a  system  which  has  been  de¬ 
scribed  elsewhere  [7].  The  growth  temperature  was 
250°C.  and  the  growth  rate  was  0.5  jum/h.  Elec¬ 
trical  studies  indicate  that  the  films  are  single 
crystals,  with  electron  and  hole  mobilities  com¬ 
parable  to  those  in  high-quality  bulk  Bi,  ^Sb,. 
Compositions  and  thicknesses  for  four  films  are 
listed  in  table  1,  along  with  linear  and  nonlinear 
optical  properties  to  be  discussed  below.  The  com¬ 
position  was  determined  from  the  flux  rate  during 
growth,  and  was  verified  in  one  sample  to  be 
correct  to  within  5%  by  a  neutron  activation  anal¬ 
ysis. 

The  strong  etalon  effects  in  Bi,_^Sb.  films 
result  because  there  is  a  large  mismatch  of  the 
index  of  refraction  at  both  the  air  and  the  BaF, 
substrate  interfaces.  The  refractive  index  for  BaF. 
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Fig.  1.  Linear  rcflectiviiv  as  a  function  of  frequencv.  The  solid 
curve  IS  experimental,  while  the  dashed  curve  gives  the  results 
of  the  fit  to  the  reflectivitv  data. 

is  only  1.4  [8],  while  that  for  Bi,  ,,Sb,  is  >  10. 
The  linear  reflectivity  spectra  [6]  for  samples  1-3. 
which  all  have  thicknes.ses  on  the  order  of  1.1  fim. 
indicate  that  for  those  films  one  does  not  expect 
pronounced  etalon  effects  on  Pj  because  the  avail¬ 
able  laser  frequencies  fall  midway  between  etalon 
minima  and  maxima.  However,  the  thickness  of 
sample  4  was  specifically  chosen  so  as  to  maxi¬ 
mize  the  etalon  enhancement  of  the  nonlinear 
response.  The  effect  of  the  etalon  is  clearly  shown 
in  the  linear  reflectivity  spectrum  in  fig.  1.  The 
solid  curve  in  this  figure  represents  data  taken 
using  a  Perkin-Elmer  Model  180  spectrometer, 
while  the  dashed  curve  is  a  calculation  based  on  a 
generalization  of  the  Drude  model  to  include  mul¬ 
tiple  internal  reflections.  We  modeled  the  dielec¬ 
tric  properties  of  the  BaF,  substrate  ba.sed  on 
parameters  in  the  literature  [8].  Fitting  the  calcu¬ 


lated  curve  to  the  experimental  data  yielded  the 
values  listed  in  table  1  for  the  high-frequency 
dielectric  constant,  plasma  energy,  and  momen¬ 
tum  relaxation  time.  These  results  are  in  good 
agreement  with  those  obtained  previously  from 
bulk  reflectivities  in  Bi,  ^Sb^  [9.10].  Also  listed  in 
the  table  are  the  absorption  coefficients  at  942 
cm  which  are  obtained  from  the  decay  of  the 
etalon  oscillations  and  are  therefore  unavailable 
from  bulk  measurements.  The  arrows  in  fig.  1 
indicate  the  positions  in  the  spectrum  correspond¬ 
ing  to  the  range  of  CO,  laser  wavelengths.  Note 
that  u)  =  942  cm^'  is  at  a  reflectivity  minimum 
(where  constructive  interference  of  the  internal 
optical  fields  is  greatest),  while  co  =  1075  cm" '  is 
midway  between  a  minimum  and  a  maximum. 

The  non-degenerate  four-wave  mixing  experi¬ 
ments.  described  in  detail  elsewhere  [3.4].  utilize 
two  grating-tuned,  synchronously  (2-switched  CO, 
lasers,  which  generate  =  150  ns  pulses  at  frequen¬ 
cies  (j,  and  CO,.  The  TEM,,,,,,  beams  are  aligned 
co-linearly  and  weakly  focussed  to  a  1/e  diameter 
of  560  jum  on  the  sample,  where  mixing  signals  at 
frequencies  co,  =  2io,  —  co,  and  CO4  =  2u2  -  w,  are 
generated.  A  0.85  m  Spex  double  monochromator 
is  used  to  .separate  the  four-wave  signal  P4  at 
frequency  co,  from  the  more  intense  pump  beams. 
Beam  intensities  are  varied  by  means  of  calibrated 
CaF,  attenuators.  The  four-wave  signal  is  mea¬ 
sured  using  a  HgCdTe  photodiode  operating  at  77 
K.  and  normalized  to  that  obtained  for  a  sample 
of  optical  grade  germanium.  is  measured  as  a 
function  of  the  difference  frequency.  <ico  =  to,  - 
coj,  and  intensity. 

In  fig.  2.  we  show  measured  x'^’  as  a  function 
of  laser  difference  frequency  Au.  The  values  of 
X*’’  are  for  a  la.ser  intensity  of  10*’  W/cm‘.  and 
have  been  corrected  for  the  presence  of  the  etalon. 


Table  1 

Bi,  ,Sb,  sample  charactenslics;  the  listed  x'*'  *  are  for  T  XOO  K.  4u>  =  l  .R  cm  '  and  “  7  X  10^  W/cm‘ 


Sample 

No. 

X 

t 

{fim) 

t. 

*"p 

(meV) 

(ps) 

a(  u  =  942  cm  '  ’ ) 
(cm  ■  ’ ) 

x'" 

(esu) 

1 

0.020 

1.10 

114.8 

401 

0.109 

8240 

2.1x10“ 

2 

0.087 

1.09 

117.4 

387 

0,057 

9510 

2.6x10"“ 

3 

0.146 

1.09 

122.0 

400 

0.072 

1,11  X  10‘ 

3.1X10"“ 

4 

0.186 

0.508 

127.9 

468 

0.063 

1. 30X10“ 

3,5x10"“ 
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Fig.  2.  X'  a.''  ^  function  of  la.ser  difference  frequency,  cite,  al  a 
laser  power  of  10'’  W/cm^.  The  straight  line  represent.s  a 
( tlie )  '  dependence. 

The  data  dearly  show  a  I/(ciu!)  dependence  down 
to  the  smalle.st  clu  used,  from  which  we  conclude 
that  the  relaxation  time  is  greater  than  3  ps  [1.2). 

It  was  pointed  out  above  that  the  reflectivity 
spectrum  for  sample  4  implies  a  strong  variation 
of  the  etalon  enhancement  with  COs  laser 
frequency.  To  test  this  prediction,  fig.  3  plots 
as  a  function  of  incident  laser  intensity  at  four 
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Fig.  .5.  Four-wave  signal  as  a  function  of  intensity  for  four 
different  la.ser  frequencies  (scaling  by  du  make  the  data  di¬ 
rectly  comparable).  The  strong  dependence  of  the  four-wave 
power  on  laser  frequency  confirms  etalon  enhancement. 


Fig.  4.  x'"  as  a  function  of  laser  intensity  for  the  same  four 
la.ser  frequencies  shown  in  fig.  .1.  The  effects  of  the  etalon  have 
been  accounted  for  in  the  analysis,  and  as  a  result  there  is  no 
systematic  dependence  of  x'"  oo  laser  frequency. 


different  frequencies  [11).  The  data  clearly  con¬ 
firm  strong  etalon  enhancement,  since  at  the 
optimum  frequency  (944  cm~')  is  nearly  an  order 
of  magnitude  larger  than  the  value  at  1075  cm  '. 
In  the  appendix,  we  present  a  theoretical  analysis 
of  the  effect  of  the  etalon  on  nonlinear  optical 
measurements.  This  analysis  predicts  an  enhance¬ 
ment  of  P^  by  29.5  at  to  =  942  cm~',  19.6  at 
to  =  974  cm  '.  4.0  at  to  =  1048  cm  '.  and  1.7  at 
to  =  1075  cm  '.  For  wavelengths  closer  to  the 
reflectivity  maximum,  this  factor  would  be  less 
than  unity. 

Incorporating  etalon  effects  into  the  analy.si.s. 
X*’’  at  each  laser  frequency  has  been  obtained 
from  the  data  in  fig.  3.  Fig.  4  shows  that  whereas 
P^  depends  strongly  on  to,  the  corrected  x’^’  s 
have  no  systematic  dependence  on  frequency.  The 
magnitude  of  the  nonlinearity  is  quite  high:  x*’’  = 
3.5  X  10  '’  esu  at  =  10^  W/cm’.  Partial  satura¬ 
tion  is  observed  with  increasing  laser  intensity.  A 
preliminary  calculation  of  the  nonlinear  optical 
coefficients  [1.3,4)  in  Bi,_,Sb,  was  performed, 
which  assumed  that  the  mechanism  responsible 
for  the  nonlinearity  was  a  modulation  of  the  di¬ 
electric  constant  due  to  thermally-generated  elec¬ 
trons  and  holes  induced  by  optical  heating  of  the 
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Free  carrier  plasma.  The  calculation  yielded  x*’’’* 
in  agreement  with  the  experimental  values  to 
within  a  factor  of  =  3. 

In  summary,  we  have  carried  out  a  nonlinear 
optical  investigation  of  the  Bi,  _  ,Sb,  alloy  .system, 
using  nondegenerate  four-wave  mixing  at  COj 
laser  wavelengths.  Due  to  favorable  band  struc¬ 
ture  and  material  parameters,  the  third-order  non¬ 
linear  susceptibility  at  300  K  is  quite  high  (x*’’  = 
3.5  X  lO”'*  at  10’  W/cm‘),  although  it  shows  a 
partial  saturation.  The  data  are  interpreted  in 
terms  of  modulation  of  the  dielectric  constant  due 
to  thermally-generated  electrons  and  holes  in¬ 
duced  by  optical  heating  of  the  free  carrier  plasma. 
Due  to  constructive  interference  of  the  optical 
fields  within  the  a,s-grown  films,  we  ob.serve  en¬ 
hancement  of  the  nonlinear  optical  response  by  an 
order  of  magnitude. 

Work  at  NRL  was  supported  by  SDIO/IST 
and  the  Office  of  Naval  Research. 


Appendix 


It  is  convenient  to  reduce  the  etalon  enhance¬ 
ment  problem  to  a  two  step  proce.ss;  we  calculate 
a  base  x'^'  by  assuming  that  the  reflected  light 
plays  no  role  in  nonlinear  optical  generation,  and 
then  calculate  a  correction  factor  to  account  for 
etalon  effects  on  P^.  The  correction  factor  itself 
consists  of  .several  parts:  corrections  for  the  elec¬ 
tric  field  strength  of  each  of  the  pump  beams,  and 
a  correction  for  the  non-linear  signal  that  is  gener¬ 
ated. 

The  correction  factor  for  each  pump  beam  can 
be  found  by  summing  the  infinite  series  of  electric- 
field  contributions  by  each  pass  of  the  beam.  For 
the  etalon  correction  to  the  internal  optical  inten¬ 
sity  one  obtains  [12|; 


F(A) 


(1) 


where  A:  =  (2wn/X)  is  the  complex  wavevector, 
and  L  is  the  film  thickness,  the  reflection  coeffi¬ 
cients  for  the  electric  field  are  given  by 


(lt\=  ~ 


Here  n,  is  the  complex,  frequency-dependent  in¬ 
dex  of  refraction  in  medium  i.  and  the  r,  are  also 
complex,  since  at  an  interface  with  an  absorbing 
medium  there  is  a  phase  shift  in  the  reflected  light. 

The  correction  factor  for  the  four-wave  beam  at 
frequency  u,  =  2<o,  -  coj  can  be  found  by  decom¬ 
posing  the  nonlinear  field  into  two  components,  a 
beam  traveling  from  left  to  right  (£•,,).  and  a 
beam  traveling  from  right  to  left  (Fv)-  take 
the  incident  pump  beams  to  be  traveling  from  left 
to  right.  The  equations  that  these  field  intensities 


must  obey  are  as  follows: 

£,,(r,  Z.)=£„(r.  0)  e''‘'' 

+  KE;Ur.0)E,Ur.0).  (2) 

£„(»•.  0)  =  £,,('■• 

+  K  E^Ar.  L)E.y(r.  L).  (3) 

E^^(r.  L)  =  r^{k^)Ey,ir,  L).  (4) 

£,,(r.  0)  =  r|(A:,)^.v(f- 0).  (5) 


where  K  is  the  nonlinear  optical  gain  (including 
absorption  losses)  in  a  single  pass.  The  pump 
beams  must  satisfy  the  relation: 

£,V(r.  L)E,*,(r.  L) 

=  £,*  (  r .  0)  £,*  ( r .  0)  r/  (  k , )  (  ^- : )  . 

(6) 

since  they  must  pass  through  the  sample  once  and 
be  reflected  before  there  is  a  leftward  beam.  We 
can  solve  eqs.  (2)-(6)  for  the  electric  field  of  the 
nonlinear  beam  just  before  it  exits  the  sample: 

£,(r.  L) 

=  /C£f(r.  0)£,*(r.  0) 

x([l  +r,(k,)r;(A:,)r,*(A;) 
xe’''“’ 

x[l  -r,(k,)r,(A.,)e='*'']  (7) 

The  term  in  brackets  is  the  etalon  correction  for 
the  nonlinear  beam,  which  reduces  to  unity  in  the 
absence  of  multiple  internal  reflections  ( r,rj  -» 0). 
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The  net  etalon  correction  for  the  nonlinear  inten¬ 
sity  is  thus  given  by; 

Q  =  F^k,)Fik,) 

x|[l  +/•,(  A-,  )/'2*(  At) 


x[l-r,(A,)/-T(A,)e-'^''J  (8) 
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New  development  on  the  control  of  homoepitaxial  and  heteroepitaxial 
growth  of  CdTe  and  HgCdTe  by  MBE 

J.P.  Faurie.  R.  Sporken,  S.  Sivananthan  and  M.D.  Lange 
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It  is  reported  that  rotation  twins  as  well  as  reflection  twins  are  easily  fornted  in  CdTe  and  HgCdTe  grown  by  MBE  in  the  (111) 
orientation.  Twinning  can  be  avoided  by  carefully  controlling  the  substrate  preparation  and  by  applying  very  stringent  growth 
conditions,  mostly  for  the  stability  of  Hg  pressure  and  the  real  surface  temperature  of  the  substrate,  which  is  extremely  difficult  to 
control  when  the  substrate  rotates.  A  comparison  between  HgCdTe  twinned  layers  and  twin-free  layers  has  shown  that  electrically 
active  acceptors  and  high  hole  mobility  are  associated  with  the  presence  of  reflection  twins  and/or  mercury-rich  alloy  zones  due  to 
Hg  overpressure  during  the  growth.  Twin-free  HgCdTe  layers  can  exhibit  etch  pit  density  count  two  orders  of  magnitude  lower  than 
twinned  layers.  Twin-free  CdTe  layers  have  been  grown  on  GaAs  and  Si  .substrates.  Excellent  thickness  uniformities  have  been 
reported:  0.24^  for  the  standard  deviation  of  a  2-inch  diameter  CdTe  layer  grown  on  GaA.sflOO)  and  2.3%  for  a  5-inch  diameter 
C  dTe  grown  on  Si(lOO). 


1.  Introduction 

HgCdTe  has  been  the  object  of  extensive  re¬ 
search  effort  during  the  last  twenty  years.  HgCdTe 
was  originally  investigated  because  of  its  tunable 
direct  energy  bandgap.  a  strong  absorption  coeffi¬ 
cient  at  the  bandgap  energy,  and  a  reasonable 
dielectric  constant  even  in  the  narrow'  bandgap 
range.  Therefore,  HgCdTe  has  been  considered  to 
be  the  best  material  for  infrared  (IR)  detection 
until  recently  when  the  concept  of  IR  photodetec- 
lion  by  intersubband  absorption  in  superlattices, 
first  proposed  by  Smith  et  al.  [1],  has  become  the 
subject  of  intensive  work  using  the  GaAs/AlGaAs 
.system  [2]. 

A  recent  paper  [3]  has  compared  the  ultimate 
performances  of  HgCdTe  and  GaAs/AIGaAs  su¬ 
perlattice  (SL)  systems  in  terms  of  their  potential 
application  in  infrared  systems.  In  this  paper  it  is 
reported  that  the  limiting  performance  of  the 
GaAs/AlGaAs  SLs  is  found  to  be  orders  of  mag¬ 
nitude  below  that  of  HgCdTe  for  any  specific 
cutoff  wavelength  and  operating  temperature.  This 
paper  has  triggered  a  comment  [4]  and  a  response 
to  the  comment  (5)  from  which  it  appears  that 
although  the  fundamental  limits  for  the  two 


materials  are  not  really  questionable,  the  short¬ 
comings  of  HgCdTe  might  represent  a  severe  limi¬ 
tation  for  the  fabrication  of  large  focal  plane 
arrays  (FPAs).  Nevertheless,  although  the  picture 
is  not  as  dark  as  it  looks  in  the  comment  [4].  and 
while  impressive  progress  has  been  made  these  last 
ten  years,  there  are  still  material  shortcomings  to 
be  solved  before  high  yield  (low  cost)  large  FPAs 
or  large  scale  consumer  opto-elecironic  device  ap¬ 
plications  can  be  envisioned  industrially  for 
HgCdTe.  It  is  fair  to  say  that  the  GaAs/AlGaAs 
SL  has  a  number  of  drawbacks  of  its  own. 

One  of  the  problems  with  the  HgCdTe  alloy  is 
its  sensitivity  to  elevated  temperature.  Molecular 
beam  epitaxy  (MBE).  which  has  been  used  to 
grow  HgCdTe  for  almost  ten  years  now.  is  the 
lowest  temperature  growth  technique  for  this  al¬ 
loy.  The  low  temperature  of  the  growth,  in  ad¬ 
dition,  limits  the  inlerdiffusion  process  which  al¬ 
lows  better  control  of  doping  and  compositional 
profile,  making  MBE  the  best  technique  to  achieve 
bandgap  engineering. 

Another  major  problem  encountered  in  the 
growth  of  CdTe  and  HgCdTe  when  a  vapor  phase 
technique  such  as  MBE  is  utilized  is  the  formation 
of  twins.  It  is  well  known  that  twinning  is  com- 
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monly  observed  in  crystals  exhibiting  the  zinc- 
blende  (ZnS)  structure.  The  (111)  orientation  is 
particularly  vulnerable  to  twin  formation  but  other 
orientations  such  as  (211)  or  (311)  are  also  sensi¬ 
tive  to  twinning:  and  hillock  formation,  observed 
during  the  growth  in  the  (100)  orientation,  is  also 
twin-related  [6-9]. 

It  has  been  reported  by  different  laboratories 
involved  in  the  fabrication  of  IR  photodiodes  and 
metal-insulator-semiconductor  (MIS)  diodes  that 
the  presence  of  twins  or  hillocks  is  highly  deleteri¬ 
ous  for  photodiode  performance,  although  no 
electrical  activity  associated  with  these  defects  has 
been  previously  found. 

In  recent  years,  the  growth  of  HgCdTe  by  MBE 
has  made  impressive  progress  towards  a  solution 
to  the  problems  arising  from  structural,  electrical 
and  optical  properties.  Infrared  photodiodes  with 
excellent  performance  are  currently  fabricated  on 
MBE  grown  layers  [10.11  ].  In  addition.  MBE  offers 
a  unique  potential  in  terms  of  heterostructures 
.such  as  homojunctions  [12],  heterojunctions,  laser 
heterostructures  [13.14],  tunneling  structures  [15- 
17],  and  MIS  heterostructures  [18]  which  are  ex¬ 
tremely  important  for  future  technology. 

MBE  has  now  reached  a  stage  where  it  is 
planned  to  be  used  for  the  production  of  electron¬ 
ic  devices  in  competition  with  other  techniques 
such  as  liquid  phase  epitaxy  (LPE)  or  metalorgan- 
ic  chemical  vapor  deposition  (MOCVD).  Three 
fields  of  interest  are  currently  actively  pursued  in 
order  to  bring  the  technique  to  the  level  of  elec¬ 
tronic-device  manufacturing: 

(1)  understanding  and  control  of  intrinsic  and 
extrinsic  doping: 

(2)  growth  of  high  quality  epilayer  on  large  fore¬ 
ign  substrates  such  as  GaAs  and  Si; 

(3)  improvement  of  existing  photodetector  perfor¬ 
mances  through  new  device  concepts  such  as  het¬ 
erojunctions  or  quantum  devices. 

It  is  clear  from  our  recent  investigations  that 
intrinsic  doping  in  HgCdTe  is  mostly  controlled 
by  extended  defects  such  as  dislocations,  twin 
boundaries,  antiphase  boundaries  and  clusters,  for 
example,  and  point  defects  such  as  Hg  vacancies. 
Te  in  antisites,  and  atoms  in  interstitial  site.  It 
appears  also  that  the  formation  of  these  defects  is 
crystallographic  orientation  dependent.  The  con¬ 


trol  of  the  extrinsic  doping  strongly  depends  on 
the  control  of  the  intrinsic  doping  since  the  dop¬ 
ing  levels  for  both  dopings  are  not  extremely 
different. 

The  purpose  of  this  paper  is  to  give  an  updated 
overview  of  the  current  understanding  about  the 
formation  of  twins  in  the  (lll)B  orientation  and 
their  role,  if  any,  in  the  electrical  properties  of 
HgCdTe  epilayers  grown  on  CdTe  substrates.  A 
brief  overview  on  the  important  aspects  of  the 
heteroepitaxy  of  CdTe  on  GaAs  and  Si  substrates 
will  also  be  presented.  Needless  to  say.  the  quality 
of  the  HgCdTe  epilayer  strongly  depends  on  the 
crystalline  quality  of  the  alternate  substrate,  i.e. 
CdTe/GaAs  or  CdTe/Si. 


2.  Twin  formation 

While  the  presence  of  microstructural  defects  in 
MBE  layers  has  been  established  for  several  years, 
information  regarding  their  elimination  has  been 
scarce  because  such  elimination  is  not  a  trivial 
problem.  Only  a  few  groups  have  reported  .some 
success  in  the  elimination  of  twins  in  the  (111) 
orientation  [19-21].  Harris  et  al.  [21]  using  photo- 
assisted  MBE  on  a  non-rotating  substrate  under 
very  demanding  parameter  control  have  obtained 
a  twin-free  material  yield  of  less  than  20%.  A  clear 
improvement  in  structural  properties  is  shown 
when  twins  are  avoided  but  no  information  is 
given  about  change  in  electrical  properties. 

Therefore,  since  growing  in  the  (lll)B  direction 
is  so  difficult,  why  not  use  another  orientation? 
The  (111)8  orientation,  despite  its  propensity  to 
form  twins  is  a  very  important  orientation  because 
the  mercury  consumption  is  lower  than  for  the 
(100)  orientation  surfaces.  Interfaces  are  usually 
very  smooth  in  the  (lll)B  plane.  CdTe  and 
CdZnTe  substrates  are  obtained  in  high  yield  in 
this  orientation  and  it  is  so  far  the  most  favorable 
orientation  for  growth  on  GaAs(lOO)  and  Si(lOO) 
substrates. 

Although  this  problem  seems  less  dramatic  or 
at  least  can  be  more  easily  solved,  in  other  direc¬ 
tions  such  as  (211)B.  (311)B  and  (100),  the  pro¬ 
gress  achieved  towards  the  control  of  twinning  in 
the  (111)  should  be  beneficial  for  the  other  orien¬ 
tations.  In  the  (100)  orientation  the  formation  of 
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Fig.  1.  Lamellar  or  stacking  fault  twin  formed  hy  a  1X0° 
rotation  about  the  [1111  direction. 


facet.s  and  hillock.s  is  a  major  problem  for  focal 
plane  arrays  and  MIS  structures;  also  hillocks  are 
twin-related  defects  [21]. 

Therefore  the  identification  and  control  of  twin 
formation  is  probably  the  most  difficult  and  most 
important  problem  in  the  MBE  growth  of  HgCdTe. 
The  presence  of  twins  in  CdTe  and  HgCdTe  epi- 
layers  can  be  revealed  by  detailed  investigations 
involving  electron  micro.scopy.  cathodolumines- 
cence.  chemical  etching,  and  X-ray  diffraction  as 
well  as  election  channeling  pattern  (ECP). 

In  the  zinc-blende  structure,  the  twinning  il¬ 
lustrated  in  fig.  1  is  very  often  observed.  It  is  a 
"rotation"  type  of  twin  corresponding  to  a  180° 
rotation  about  the  [111]  normal  direction.  The 
stacking  of  ( 1 1 1 )  plane  in  the  fee  structure  changes 
from  the  abc  type  I  configuration  to  acb  type  II 
configuration.  The  two  stackings  are  equivalent, 
the  changes  require  very  low  formation  energy 
since  the  Cd(Hg)-Te  bonds  are  preserved.  This 
change  can  therefore  occur  several  times  during 
the  growth.  This  kind  of  twinning  is  sometimes 
called  lamellar  twinning. 


During  the  first  step  of  epitaxial  growth,  is¬ 
lands  can  be  formed  which  will  grow  and  coalesce 
to  form  the  epitaxial  film.  These  islands  may  be  of 
type  1  or  type  11  configuration  since  they  are 
energetically  almost  equivalent  (fig.  2).  Therefore, 
twin  boundaries  will  exist  after  island  coalescence 
and  twin  domains  will  grow  in  a  columnar  form. 
This  kind  of  twinning  which  is  also  of  a  rotation 
type,  is  sometimes  called  double  positioning  twin¬ 
ning. 

These  two  kinds  of  rotation  twins  can  coexist  in 
the  crystal,  but  one  or  both  can  disappear  during 
the  growth.  It  is  difficult  to  observe  rotation  twins 
during  MBE  growth  by  electron  diffraction  be¬ 
cause  the  streaked  (2D)  patterns  of  the  type  1  and 
type  11  configuration  are  identical  to  twin-free 
streaked  patterns;  and  sometimes  roughening  of 
the  surface,  which  allows  3D  diffraction,  is  not 
large  enough.  The  twinned  domains  present  in  the 
cry.stal  are  visible  on  the  surface  of  the  crystal 
under  .scanning  electron  microscopy  or  catho- 
dolumine.scence  investigations  in  the  form  of  close 
Uxvps  as  illustrated  in  fig.  3  for  a  CdTe  layer. 

Electron  channeling  patterns  can  also  help  in 
the  di.scovery  of  twins.  Fig.  4a  and  4b  show  two 
simulated  ECPs  of  a  twin-free  and  a  twinned 
crystal.  The  (113)  plane  family  has  a  3-fold  sym¬ 
metry  revealed  in  the  form  of  a  regular  triangle  in 
the  twin-free  configuration  whereas  in  a  twinned 
configuration  a  second  inverted  triangle  is  re¬ 
vealed.  Fig.  4c  shows  the  ECP  pattern  of  a  twinned 
CdTe  layer  similar  to  the  one  illustrated  in  fig.  4b. 
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Fig.  2.  Double  positioning  twin  formed  h\  a  180°  rotation 
about  the  1 11 1 1  direction. 
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Fig.  3.  Cathudoluminescence  image  of  a  twinned  CdTel  11 1  )B  epilayer. 


These  two  kinds  of  twinning  can  tTCCur  in  both 
CdTe  and  HgCdTe.  In  HgCdTe,  however,  due  to 
the  high  mercury  flux  used  during  the  growth,  we 
think  that  a  third  kind  of  twinning  illustrated  in 
fig,  5  can  occur.  This  reflection  type  twin  is  formed 
by  a  mirror  reflection  with  respect  to  the  (111) 
twin  plane.  This  produces  a  change  in  the  polarity 
of  the  face  by  creating  an  anti-pha.se  boundary  .  As 
shown  in  fig.  5.  Hg-Hg  bonds  which  usually  re¬ 
quire  high  formation  energy  tx-cur  at  the  plane  of 
the  reflection  twin  when  the  Hg  flux  is  too  high. 
This  twinning  does  not  tx’cur  across  the  entire 
area  of  the  wafer;  therefore,  the  growing  surface 
exhibits  (lll)B  and  (lll)A  orientation  simulta¬ 
neously.  The  growth  rate  of  (lll)B  and  (lll)A 
faces  being  different  [22].  a  .surface  roughening 
allowing  the  observation  of  extra  dots  in  the 
RHKED  pattern  is  assix'iated  with  this  kind  of 
twinning. 

During  the  growth  of  HgCdTe  in  the  (lll)B 
orientation,  extra  dots  due  to  twinning  are  ob¬ 
served  when  the  Hg  flux  is  too  high  for  a  selected 
substrate  temperature.  A  decrea.se  in  the  Hg  flux 
or  an  increa.se  in  the  substrate  temperature  pro¬ 


duces  a  rapid  change  in  the  RHEED  pattern, 
extra  dots  are  disappearing  and  the  .spotty  pattern 
is  transformed  into  a  streaky  one.  This  is  as  ex¬ 
pected.  since  a  (lll)A  face  is  a  Hg  terminated 
unstable  face  requiring  a  high  Hg  flux.  A  new- 
antiphase  boundary  with  Te-Te  bond  is  created 
reverting  the  ( 1 1 1  )A  to  a  ( 1 1 1  )B  face. 

Fig.  6  is  a  TEM  picture  of  a  HgCdTe  (lll)B 
layer  grown  on  a  CdTe(ll  l)B/GaAs(100)  sub¬ 
strate.  It  can  be  .seen  that  the  CdTe  layer  grown 
on  GaAs  is  full  of  lamellar  twins.  At  the  initiation 
of  HgCdTe  growth  twins  were  visible  on  the 
RHEED  pattern.  The  growth  conditions  were  kept 
the  same  for  a  while  and  then  the  substrate  tem¬ 
perature  was  increased  by  5°C.  Almost  instanta¬ 
neously  the  RHEED  changed  to  a  twin-free  re¬ 
lated  electron  diffraction  pattern.  The  TEM  mi¬ 
crograph  confirrrs  our  in  situ  observation  since  a 
twin  is  visible  in  the  HgCdTe  layer  and  the  posi¬ 
tion  where  the  twin  has  disappeared  corresponds 
very  preci.sely  to  the  change  in  the  substrate  tem¬ 
perature  and  the  RHEED  pattern.  High  resolution 
transmission  electron  microscopy  (HRTEM)  has 
not  been  able  to  confirm  yet  the  “reflection" 
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nature  of  the  twin  since  it  is  extremely  difficult  to 
reveal  fine  details  of  atomic  structure.  However,  it 
is  highly  probable  that  this  kind  of  twinning  oc¬ 
curs  when  the  Hg  flux  is  too  high. 

2.1.  CJTe  H I I)B  twin-free  epilavers 

Surface  cleaning  and  growth  parameters  have 
been  thoroughly  investigated  in  order  to  prevent 
twinning.  Concerning  CdTe,  "reflection”  type 


twinning  is  very  unlikely  to  occur  when  using  a 
single  effusion  source  which  delivers  a  highly  con¬ 
stant  Cd/Te  flux  ratio.  Therefore,  in  the  case  of 
CdTe,  only  the  formation  of  the  two  kinds  of 
“rotation”  type  twins  has  to  be  prevented.  Double 
positioning  twinning  which  starts  at  the  substrate 
epilayer  interface  seems  to  be  substrate  surface 
preparation  related.  Regarding  lamellar  twins, 
which  form  during  the  growth,  we  have  not  yet 
precisely  identified  which  parameter  is  triggering 
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tig  4  Klectnm  channeling  pattern  simulation  of  a  CdTe  crystal  along  the  (111)  axis:  (a)  twin-free  crystal.  15.0  kV,  fee  lattice. 
a  =  6.4(tl  A:  (b)  twinned  crystal.  2.5.0  kV.  fee  lattice,  a  =  6.481  A.  (c)  F.CP  pattern  of  a  twinned  CdTe  crystal. 
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Fig.  5.  Reflection  twin  formed  by  a  mirror  reflection  with 
respect  to  the  (1 1 1 )  plane. 


their  formation.  Concerning  CdTe  (lll)B  homo- 
epitaxial  growth,  it  ha.s  been  found  that  twinning 
does  not  occur  when  the  growth  temperature  is 
around  335  °C.  nor  does  it  occur  if  the  CdTe 
substrate  is  cleaned  at  335  °C  before  growth  at 
250  °  C.  The  heteroepitaxial  growth  of  CdTe  ( 1 1 1  )B 
on  GaAs  and  Si  substrates  is  also  .subject  to  twin¬ 
ning.  The  twinning  in  CdTe<lll)B/GaAs(100) 
heteroepitaxy  has  been  the  object  of  investigations 
during  the  last  few  years.  It  has  been  found  that 
twinning  can  be  avoided  by  using  GaAs  substrates 
tilted  2°  off  (100)  towards  [110]  [23-26], 
CdTe(lll)B  grown  on  Si(lOO)  is  also  subject  to 
twinning.  More  details  about  CdTe  growth  on 
GaAs  and  Si  substrates  will  be  given  later. 


big.  6.  Transmission  electron  microscopy  of  a  HgCdTe<llI)B/GaAs(100)  substrate.  Only  CdTe  epilayer  exhibiting  numerous 

lamellar  twins  and  HgCdTe  epilayer  are  visible. 
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2.2.  HgCdTe  (IJl)B  twin-free  layers 

The  growth  of  twin-free  (lll)B  HgCdTe  repre¬ 
sents  a  real  challenge.  In  addition  to  rotation  type 
tw'ins,  reflection  type  twins  have  been  observed. 
First  of  all  the  substrate  or  the  buffer  layer  should 
be  twin-free.  Therefore  great  care  must  be  taken 
during  substrate  preparation  and  buffer  layer 
growth  as  discussed  before.  The  same  precautions 
must  be  observed  during  the  first  steps  of  the 
HgCdTe  growth  in  order  to  prevent  double  posi¬ 
tioning  twin  formation.  During  the  growth  we 
have  seen  that  an  increase  in  the  Hg  flux  or  a 
decrease  in  the  substrate  temperature  can  trigger 
the  formation  of  an  antiphase  boundary. 

The  control  of  the  Hg  flux  is  achieved  through 
the  use  of  a  constant  level  Hg  cell.  During  the 
growth  and  from  run-to-run  the  Hg  flux  moni¬ 
tored  by  an  ion  gauge  is  kept  within  less  than  5^ 
fluctuation.  The  control  of  the  substrate  tempera¬ 
ture  Ts  is  the  most  difficult  task  because  what  has 
to  be  controlled  is,  in  fact,  the  temperature  of  the 
substrate  surface  T^s-  We  have  verified  that  the 
temperature  indicated  by  the  thermocouple  located 
in  the  back  of  the  substrate  which  rotates  (1)  does 
not  give  an  accurate  reading  of  the  substrate  tem¬ 
perature  and  (2)  does  not  account  quickly  for 
surface  temperature  changes. 

The  u,se  of  an  I R  pyrometer  does  not  repre.sent 
an  ideal  solution  either.  When  is  kept  constant 
at  190°C,  by  using  a  front  thermocouple,  at  the 


initiation  of  HgCdTe  growth  a  jump  of  approxi¬ 
mately  25  °C  (in  our  MBE  configuration)  occurs 
in  the  pyrometer  reading  Tp  due  to  .scattered  IR 
radiation  primarily  from  the  hot  CdTe  cell  as 
illustrated  in  fig.  7.  Immediately  T,,  falls  steeply 
due  to  both  the  rapid  decrease  in  reflectance  of 
the  block  and  the  fall  toward  the  first  minimum  in 
the  interference  pattern  related  to  the  presence  of 
a  thin  HgCdTe  layer.  Once  the  first  minimum  is 
reached,  Tp  rises  toward  the  next  maximum. 
Several  more  oscillations  of  decreasing  amplitude 
follow.  After  about  1.5  iirn  of  growth,  the  oscilla¬ 
tions  are  almost  completely  gone.  At  this  point  Tp 
is  approximately  15  °C  higher  than  the  reading 
before  growth.  This  increa.se  is  primarily  due  to 
increased  emittance  since  the  cutoff  wavelength  of 
the  HgCdTe  is  longer  than  the  2.0  to  2.6  jum 
sensitivity  region  of  the  pyrometer. 

During  this  time  the  back  thermocouple  Tp 
reading  has  increased  by  15-20°  C.  In  other  words, 
if  Tp  is  kept  constant.  Tss  will  decrea.se.  In  this 
case,  a  constant  Hg  flux  will  become  too  high, 
since  the  Hg  sticking  coefficient  changes  drasti¬ 
cally  with  temperature,  and  reflection  twins  visible 
in  the  RHEED  pattern  will  be  formed.  From  these 
experiments  it  appears  that  the  control  of  the 
substrate  surface  temperature  Tss  which  is  a  key 
parameter  and  should  be  kept  constant  within 
1°C  is  an  extremely  difficult  task.  The  Micro¬ 
physics  Laboratory  has  devoted  much  time  in 
order  to  achieve  the  best  control  of  Tss- 


F  ig.  7,  Plot  of  the  temperature  pyrometer  reading  T^,  versus  /  for  Hg,  ,Cd,Te  (  v  -  0.26)  grown  on  CdTe  (IIDB.  During  the 
experiment  the  surface  temperature  of  the  substrate  constant  at  ldO®C*. 
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Fig.  8.  Electron  channeling  pattern  along  the  (111)  axis  of  a 
twin-free  HgCdTe  (lll)B  layer  grown  on  CdZnTe  (111)8 
substrate. 


Since  a  front  thermocouple  cannot  be  left  in 
place  during  conventional  growth  using  rotation,  a 
double  control  involving  a  back  thermocouple  and 
an  IR  pyrometer  along  with  the  knowledge  based 
on  tedious  experiments  identical  to  the  one  de¬ 
scribed  before,  is  currently  utilized  in  the  Micro- 
physics  Laboratory.  It  is  very  important  to  point 
out  that  since  these  observations  are  certainly 
valid  for  MBE  growth  of  HgCdTe  carried  out  in 
any  MBE  machine  and  using  a  substrate  mounted 
with  gallium  on  a  molybdenum  block,  the  magni¬ 
tude  of  relative  changes  between  Tg.  Tp  and  7ss 
will  depend  strongly  on  the  substrate  heater  tech¬ 
nology  and  effusion  cell  geometry.  These  investi¬ 
gations  have  resulted  in  better  control  of  the 
surface  preparation,  of  the  stability  and  reproduci¬ 
bility  of  all  the  fluxes,  and  of  the  substrate  surface 
temperature.  This  improvement  has  been  con¬ 
firmed  by  the  growth  of  twin-free  HgCdTe  (lll)B 
illustrated  in  the  ECP  of  fig.  8  and  excellent 
results  for  epilayers  grown  in  (211)B  orientation 
presented  in  section  4. 


3.  HgCdTe  (lll)B  -  comparison  between  twinned 
and  twin-free  layers 


Hg,-  ,Cd,Te  twinned  layers  grown 
crophysics  Laboratory  in  the  (lll)B 
usually  exhibit  a  p-type  character  with 


by  the  Mi- 
orientation 
hole  mobil¬ 


ity  approaching  or  even  exceeding  lO’  cm’  V  ' 
s  ‘  (27]  and  excess  carrier  lifetime  in  the  range  of 
(20-100)  X  10  s  [28].  An  excellent  electrical  mo¬ 
bility  is  often  considered  to  be  as.sociated  with 
excellent  crystal  quality.  It  turns  out  that  this  is 
not  precisely  the  ca.se  here. 

All  the  layers  exhibiting  lO’cm’  V  '  s  '  have 
been  investigated  using  X-ray  diffraction.  X-ray 
rocking  curves  recorded  for  (422)  reflections  have 
shown  for  every  layer  6  peaks  when  rotating  the 
sample  about  the  (111)  axis,  whereas  only  three 
peaks  should  be  observed  in  a  twin-free  epilayer. 
These  findings  were  confirmed  by  ECP  experi¬ 
ments.  The  first  thought  was  that  the  presence  of 
twins  does  not  degrade  the  hole  mobility.  In  order 
to  confirm  this,  two  HgCdTe  epilayers  (.v  =  0.25) 
have  been  grown  under  the  same  growth  condi¬ 
tions.  except  that  the  Hg  flux  was  increased  .several 
times  for  several  minutes  during  the  growth  of 
layer  A.  whereas  for  layer  B  the  twin-free  growth 
conditions  have  been  applied.  X-ray  diffraction 
confirmed  that  layer  B  is  twin-free  and  layer  A  is 
twinned.  Both  layers  have  a  p-type  character; 
however,  layer  A  exhibits  a  hole  mobility  of  900 
cm’  V  '  s  ',  whereas  layer  B  has  only  a  hole 
mobility  of  300  cm’  V  '  s“'  at  23  K.  All  the 
twin-free  p-type  layers  grown  so  far  have  a  hole 
mobility  not  exceeding  500  cm'  V  's'. 

In  addition,  the  carrier  concentration  -  A,, 
for  p-type  twinned  layers  has  been  consistently 
found  to  be  in  the  (1-5)  x  10'*'  cm  '  range  and 
from  Hall  data  curve  fitting  has  been  calcu¬ 
lated  to  be  in  the  (5-8)  x  lO"’  cm  '  range,  as 
reported  before  ]29].  For  p-type  twin-free  layers, 
the  carrier  concentration  is  much  lower;  -  A/,, 
is  in  the  low  lO''  cm  '  range.  The  decrease  in 
N,^  -  A|,  is  so  drastic  for  twin-free  layers  that 
many  of  them  are  n-type.  Anyway  the  lower  hole 
mobility  in  twin-free  layers  cannot  be  explained 
by  an  increase  in  scattering  due  to  a  larger  accep¬ 
tor  concentration  since  it  is  the  opposite.  There¬ 
fore.  it  is  concluded  that  electrically  active  accep¬ 
tors  and  high  hole  mobility  are  related  to  a  high 
Hg  flux  during  growth,  which  has  triggered  the 
formation  of  reflection  twins  along  with  Hg-rich 
alloy  zones  in  the  crystal. 

Hg,  ,Cd,Te  grown  at  200 °C  under  Te-rich 
conditions  (such  as  MBE)  but  under  thermal  equi- 
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lable  1 

Main  differences  between  (lll)B  twinned  and  twin-free  layers  grown  by  MBE 


Conduction 

type 

-  .v,> 

(p-type  layers) 
(em  ') 

Hole  mobility 
(cm‘  V  s  ‘ ) 

EPD 
(cm  ' ) 

Residual  doping  level 
after  isothermal  annealing 
(cm" 

Twinned  layer 

I  win-free  laser 

p-Type 

p-Type  or  n-iype 

(2-5)xlO''' 
(l-2)x  10'' 

800-1600 

3(K)-500 

10''-10’' 

lO^-lO' 

5X10'' -2X10'"  (n-type) 

5  xl0''-2xl0'"  (n-type) 

librium  conditions  (unlike  MBE)  should  produce 
an  intrinsic  hole  concentration  due  to  Hg  vacan¬ 
cies  close  to  1  X  lO'^'cm  '  [30,31].  It  appears  that 
in  the  (llliB  orientation  MBE  grown  twinned 
layers  have  p-type  doping  levels  exceeding  that 
expected  from  growth  under  thermodynamic  equi¬ 
librium  at  the  same  temperature.  In  addition,  the 
fact  that  fast  low  temperature  isothermal 
(mercury-rich)  anneals  make  the  (lll)B  materials 
even  more  p-type  leads  us  to  believe  that  extended 
defects  are  mostly  responsible  for  the  electronic 
activity  in  the  as-grown  material.  The  increase  in 
the  acceptor  level  could  be  explained  by  the  pres¬ 
ence  of  numerous  (lll)A  planes  in  the  twin 
boundaries  and  antiphase  boundaries.  As  reported 
before  [22]  a  ( 1 1 1  )A  plane  which  is  Hg  terminated 
is  very  unstable  and  thus  should  have  a  Hg-vacancy 
density  higher  than  the  one  thermodynamically 
calculated  for  a  bulk  crystal.  The  existence  of 
Hg-rich  alloy  zones  might  also  explain  a  higher 
Hg  vacancy  concentration. 

Concerning  the  high  hole  mobility  no  clear 
explanation  has  yet  been  found.  However,  the 
excess  of  mercury  induces  the  formation  of  Hg 
antipha.se  boundaries,  as  well  as  Hg-rich  alloy 
zones.  Therefore,  numerous  type  III  (semimetal- 
semiconductor)  interfaces  exist  within  the  crystal. 
It  has  been  discovered  and  explained  [32.33]  that  a 
high  hole  mobility  due  to  light  heavy  hole  effective 
mass  is  as.sociated  with  Type  III  interface.  How¬ 
ever.  it  is  po.ssible  that  with  the  presence  of  Hg-rich 
antipha.se  boundaries  and  therefore  the  existence 
of  type  III  (semimetal-.semiconductor)  interfaces, 
similarities  with  the  high  hole  mobility  observed  in 
type  III  HgTe  CdTe  superlattices  exist  (32.33). 
Indium  diffusion  experiments  which  have  been 
carried  out  in  doped  quantum  well  (lll)B  struc¬ 
tures  [.34]  have  shown  that  several  In  diffusion 
coefficients  are  required  to  explain  the  observed 


secondary  Ion  mass  spectrometry  data.  A  fraction 
of  the  indium  has  been  found  to  be  fast  diffu.sing 
through  a  defect  related  matrix. 

Another  important  difference  related  to  etch-pit 
density  (EPD)  has  been  founH  between  twinned 
and  twin-free  layers  in  good  agreement  with  ref. 
[21],  EPD  count  which  is  related  to  dislocation 
density,  is  determined  using  a  defect  chemical 
etching  solution  suitable  for  the  investigated  erv's- 
tallographic  orientation.  One  can  see  in  table  1 
that  by  eliminating  twins.  EPD  can  drop 
tremendously,  indicating  a  drastic  improvement  in 
the  crystal  quality  unexpectedly  as.stxriated  with  a 
decrea.se  in  the  hole  mobility  measured  by  Hall  in 
p-type  layers. 

Very  long  isothermal  annealings  have  been  per¬ 
formed  on  twinned  and  twin-free  (111)B  HgCdTe 
layers  and  very  similar  residual  doping  levels  have 
been  found.  The  materials  are  n-type  with  a  back¬ 
ground  levels  in  the  5  X  lO''  to  2x10''’  cm 
range.  This  background  does  not  seem  to  be  con¬ 
trolled  by  residual  impurities.  SIMS  analysis  indi¬ 
cates  that  MBE  layers  are  very  clean.  Although  all 
the  complex  relationships  between  growth  param¬ 
eters  and  intrinsic  doping  are  not  fully  understood 
it  is  currently  postulated  that  the  residual  donor 
doping  level  in  MBE  grown  HgCdTe  layers  is  due 
to  tellurium  atoms  in  antisite  positions,  i.e.  replac¬ 
ing  Hg  atoms  ]35]. 

Table  1  provides  a  brief  .summary  of  the  main 
differences  between  (lll)B  twinned  and  twin-free 
layers  grown  by  MBE. 

4.  Growth  in  (211)B  orientation 

The  progress  accomplished  in  the  growth  in  the 
(lll)B  orientation  has  been  used  to  control  in  a 
better  way  the  growth  in  different  orientations. 
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We  have  devoted  our  recent  efforts  to  grow  along 
the  (211)  azimuth  where  the  twinning  problem 
does  not  appear  as  severe  as  in  the  (lll)B.  The 
layers  grown  in  the  (211)B  orientation  under  the 
stringent  growth  control  previously  discussed  ex¬ 
hibit  excellent  properties.  As  an  example  the  layer 
No.  1008  has  the  following  characteristics: 

.V  =  0.18; 

thickness:  16.2  ;im; 

•Vj  -  A,:  1.9  X  lO"*  cm”  ^  at  15  K; 
electron  mobility:  1.1  X  10*  cm"  V"'  s'*  at  15  K; 
lifetime:  9  X  10"*  s  at  250  K;  2.2  x  10  *  s  at  77 
K. 

This  result  reflects  the  state-of-the-art  of  the 
growth  of  HgCdTe  alloys  in  the  Microphy.sics 
Laboratory.  These  results  are  at  least  as  good  as 
the  best  results  ever  reported  for  HgCdTe  grown 
by  any  technique  for  this  composition.  Diodes 
fabricated  on  twin-free  (211)B  layers  .showed  im¬ 
proved  operational  yields  [36]. 


5.  Heteroepitaxial  growth  on  GaAs  and  Si 

An  increasingly  important  aspect  of  molecular 
beam  epitaxy  is  the  heteroepitaxy  between  dissimi¬ 
lar  materials.  For  the  growth  of  HgCdTe  and 
related  compounds,  the  use  of  GaAs  and  Si  sub¬ 
strates  is  particularly  attractive.  While  the  growth 
of  CdTe  and  HgCdTe  on  Ga.As  by  MBE  has  been 
studied  for  many  years  [24,37.38],  the  direct  growth 
of  single-crystalline  CdTe  and  HgCdTe  on  silicon 
was  reported  only  recently  [39], 

The  advantage  of  GaAs  compared  to  CdTe  or 
CdZnTe  substrates  is  its  low  cost,  better  mechani¬ 
cal  strength  and  surface  area.  Regarding  these 
characteristics,  silicon  substrates  are  even  superior 
to  GaAs,  and  in  addition,  if  good  HgCdTe  can  be 
grown  on  silicon,  it  could  eventually  become  pos¬ 
sible  to  produce  large-area  monolithic  infrared 
focal-plane  arrays,  combining  HgCdTe  infrared 
detectors  with  silicon  integrated  circuits  for  signal 
processing. 

On  any  kind  of  substrate.  HgCdTe  is  usually 
grown  on  a  CdTe  buffer  layer.  Therefore,  it  is  very 
important  to  optimize  the  growth  of  CdTe  on 
GaAs  and  Si.  We  have  characterized  MBE-grown 
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Fig.  9.  10  K  photoluminescence  spectrum  of  CdTe  on 
GaAi^lOO)  tilted  2°  towards  [110].  excited  with  a  50  mW  Ar 
laser  at  514.5  jum  wavelength. 


layers  of  CdTe  on  GaAs  and  Si  by  reflection 
high-energy  electron  diffraction,  double-crystal 
X-ray  diffraction,  photoluminescence  (PL)  spec¬ 
troscopy  and  scanning  electron  microscopy  (SEM). 

In  MBE.  CdTe  normally  grows  in  the  (lll)B 
orientation  on  GaA,s(100).  A  full-width  at  half¬ 
maximum  (FWHM)  of  the  X-ray  double-crystal 
rocking  curves  (DCRCs)  on  the  order  of  120-140 
arc  sec  is  now  obtained  on  a  routine  basis.  Slightly 
lower  values  are  obtained  on  misoriented  sub¬ 
strates.  which  have  the  additional  advantage  of 
suppressing  twinning  in  the  CdTe  layers.  These 
layers  yield  strong  PL  spectra  at  10  K  (fig.  9).  with 
a  FWHM  of  only  0.7  meV  of  the  acceptor  bound 
exciton  peak  at  1.590  eV  attributed  to  the  pres¬ 
ence  of  acceptors  such  as  Cu  or  Li.  Na  [40].  This 
confirms  the  high  structural  quality  of  these  layers. 
Their  morphology  is  excellent,  with  no  features 
detected  by  SEM.  Finally,  for  CdTe(lll)B  on 
2-inch  diameter  GaAs(lOO)  wafers,  the  standard 
deviation  of  the  layer  thickness  is  only  0.24%,  with 
a  total  thickness  variation  of  ±0.5%  when  the 
growth  is  carried  out  in  the  new  multiwafer  RIBER 
OPUS  45  MBE  machine. 

CdTe(100)  can  also  be  grown  on  GaAs(lOO)  by 
MBE,  but  these  layers  are  usually  of  inferior  qual¬ 
ity  as  compared  to  CdTe(lll)B  on  GaAs(lOO). 
Whether  CdTe(lOO)  or  (11 1)B  is  obtained  depends 
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on  the  details  of  the  substrate  cleaning  procedure 
[38], 

Because  ihe  problem  of  twinning  is  less  severe 
for  the  (211)  orientation  as  compared  to  the  (111), 
we  recently  grew  CdTe  on  GaAs(211)B.  Similar  to 
what  was  found  on  GaAs(lOO),  we  observed  two 
growth  orientations,  which  depended  on  the  clean¬ 
ing  temperature.  For  cleaning  temperatures  above 
550 °C.  (211)  growth  occurred,  whereas  for  clean¬ 
ing  temperatures  of  about  540° C.  (133t  growth 
was  obtained.  The  coincidence  axes  for 
CdTe(133)/ GaAs(211)B  are  CdTe<01I)|| 
GaAs(Oll)  and  CdTe<611)  HGaAs/lll).  We  also 
found  that,  whereas  the  CdTe(133)  planes  have  no 
tilt  with  respect  to  the  GaAs(211)B  planes,  the 
CdTe(211)  planes  tilt  3°  toward  the  GaAs[0TTl 


Fig.  10.  Scanning  electron  microscope  image  of  the  surface  of 
two  CdTe  layers  grown  on  Si:  (a)  9  fim  thick  CdTe  on  SiflOO); 
(b)  4  /im  thick  CdTe  on  Si(lOO)  tilted  8°  towards  |I  I0|. 


Fig.  116  fim  thick  CdTe  layer  on  a  5-inch  Si(lOO)  substrate. 


axis.  The  X-ray  DCRC  full-width  at  half-maxi¬ 
mum  (F)  of  the  CdTe(333)  reflections  furthermore 
revealed  that  the  crystalline  quality  of  the 
CdTe(133)  growth  is  better  than  that  of  the 
CdTe(211)  growth,  as  might  be  expected  since  the 
mismatch  in  the  surface  nets  is  only  2.0%  along 
the  CdTe(611)  ||GaAs(ll])  coincidence  axi.s.  as 
opposed  to  14.6%  mismatch  in  the  bulk  lattices. 
For  th^CdTe(133).  r=  134  arc  sec.  while  for  the 
(211).  r  =  160  arc  sec.  These  results  are  not  far 
from  our  best  results  on  GaAs  tilted  2°  off  (100) 
toward  (110]. 

CdTe  grows  in  the  (11 1)B  orientation  on  Si(lOO) 
(39).  Two  epitaxial  relationships  are  possible  be¬ 
tween  the  two  materials,  corresponding  to  the 
[211]  CdTe  axis  parallel  to  either  the  [011]  or  the 
[011]  Si  axis.  This  introduces  two  domains  ori¬ 
ented  90°  apart  in  the  epilayers.  If  the  substrates 
are  tilted  towards  (Oil),  the  [Oil]  and  [011]  direc¬ 
tions  are  no  longer  equivalent,  and  single-domain 
films  are  grown.  These  situations  result  in  very 
different  surface  morphologies.  This  is  illustrated 
in  fig.  10.  showing  the  SEM  images  of  CdTe 
grown  on  SiflOO)  and  on  SiflOO)  tilted  8°  towards 
[Oil],  As  expected,  the  single-domain  films  have 
better  surface  morphology.  Furthermore,  twin-free 
layers  of  CdTeflll)B  can  be  grown  on  SiflOO) 
tilted  8°  towards  [011],  whereas  the  layers  on 
SiflOO)  are  highly  twinned.  This  is  deduced  from 
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electron  channeling  patterns  as  well  as  from  trans¬ 
mission  electron  microscopy  [41]. 

PL  spectra  measured  at  12  K  confirm  the  su¬ 
perior  quality  of  the  layers  grown  on  tilted  sub¬ 
strates.  The  FWHM  of  the  1.593  eV  bound-exci- 
ton  peak  is  3  meV  for  CdTe  on  SiflOO)  8°  off 
towards  [Oil]  and  4  meV  for  CdTe  on  nominal 
Si(lOO).  Also,  under  low  excitation,  the  intensity 
ratio  between  the  bound  exciton  peak  and  the 
defect  bands  is  much  higher  for  CdTe  on  tilted 
silicon  substrates.  Because  CdTe  can  be  grown  on 
Si(lOO),  it  is  now  possible  to  produce  very  large 
monocrvstalline  layers  of  CdTe  by  MBE. 

Recently,  a  6  fim  thick  5-inch  diameter  layer  of 
CdTe  was  grown  on  Si(lOO)  by  MBE  [42].  This  is 
the  largest  single  crystal  of  a  II -VI  .semiconductor 
ever  produced  by  any  technique.  This  film  is  very 
shiny  and  mirror-like  over  its  entire  surface,  as 
illustrated  by  fig.  11.  The  thickness  of  this  layer  is 
very  uniform  with  a  standard  deviation  of  only 
2.3^  and  a  total  thickness  variation  of  +3.3T. 
Furthermore,  it  is  interesting  to  note  that  this 
layer  has  the  narrowest  DCRC  measured  .so  far 
for  CdTe  on  silicon,  vsith  an  average  FWHM  of 
514  arc  sec  versus  570  arc  sec  for  the  best  of  our 
2-inch  samples.  The  structural  uniformity  is  also 
excellent;  the  standard  deviation  of  the  FWHM  of 
the  DCRCs  is  only  17  arc  sec  for  the  5-inch 
diameter  layer. 


6.  Conclusion 

Rotation  twins  are  easily  formed  in  CdTe(lll) 
and  HgCdTe(lll)  epilayers.  In  addition,  reflec¬ 
tion  twins  which  are  related  to  a  change  in  the  Hg 
pressure  and/or  the  substrate  surface  temperature 
can  be  formed  during  the  grow  th  of  HgCdTe. 

A  careful  substrate  preparation  with  a  proper 
thermal  cleaning  can  prevent  the  formation  of 
double  positioning  twins.  To  avoid  the  formation 
of  reflection  twins,  stringent  control  in  the  stabil¬ 
ity  of  Hg  (  ±2. ST).  Te  and  CdTe  fluxes,  growth 
rate  and  surface  substrate  temperature  (  +0.5T)  is 
required,  which  is  very  difficult  when  the  substrate 
is  rotating.  Such  control  has  been  achieved  in  the 
Microphysics  Laboratory  and  twin-free  CdTe  and 
HgCdTet  1 1 1  )B  layers  have  been  grown. 


A  comparison  between  HgCdTe  twinned  layers 
and  twin-free  layers  shows  that  electrically  active 
acceptors  along  with  high  hole  mobility  arise  from 
a  mercury  overpressure  during  HgCdTe  growth. 
Etch  pit  densities  as  low  as  8  X  10“*  cm  ‘  have 
been  counted  on  twin-free  HgCdTe  layers  which 
are  two  orders  of  magnitude  lower  than  EPDs  of 
twinned  layers.  From  annealing  experiments  it  has 
been  found  that  a  residual  donor  doping  level  in 
the  range  between  5  x  10'"  and  2  x  10'*’  cm  ' '  has 
been  measured  in  both  twinned  and  twin-free 
HgCdTe  epilayers.  It  is  currently  thought  that  this 
residual  doping  is  due  to  antisite  Te  atoms. 

CdTe  and  HgCdTe  have  been  grown  for  several 
years  now  on  GaAs(lOO)  substrates  but  much 
more  recently  on  Si(lOO)  substrates.  The  quality  of 
CdTe  grown  on  GaAs  has  been  improved  as  con¬ 
firmed  by  a  FWHM  of  the  acceptor  bound  exci¬ 
ton  peak  at  1.59  eV  of  only  0.7  meV  at  10  K. 
Single  domain  CdTe  twin-free  films  have  been 
grown  on  Si(lOO)  lilted  8°  towards  [011].  Excel¬ 
lent  thickness  uniformities  have  been  obtained  for 
CdTe.  On  2-inch  diameter  GaAs(lOO)  the  stan¬ 
dard  deviation  of  the  layer  ihickne.ss  is  only  0.24T 
and  is  2.3T  on  5-inch  diameter  Si(lOO). 
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Application  of  the  RHEED  oscillation  technique  to  the  growth 
of  II-VI  compounds:  CdTe,  HgTe  and  their  related  alloys 

L.  Ulmer,  N.  Magnea,  H.  Mariette  *  and  P.  Gentile 

Serru  e  de  Physique,  Departement  de  Recherche  Fondamentale,  Centre  d'Etudes  Nucleaires  de  Grenoble. 

X.  F-3S()4J  Grenoble  Cedex.  France 


The  RHEED  oscillation  technique  has  been  used  to  study  the  growth  mechani.sm  of  (001 )  oriented  CdTe.  HgTe  and  Cd ^Hgj  .  , 
Te  II-VI  compounds.  For  Cd  or  Hg  stabilized  surfaces,  the  two-dimensional  layer-by-layer  growth  provides  intense  oscillations.  They 
are  used  to  measure  the  innuence  of  growth  parameters  (substrate  temperature,  flux  ratio,  growth  interruption)  on  growth  rate  and 
alloy  composition.  It  appears  that  the  molecular  beam  epitaxy  of  these  II-VI  compounds  i.s  strongly  affected  by  the  non-unity 
sticking  c\>efficient  of  Cd  in  a  ver>'  wide  temperature  range  (140-400°C)  and  that  kinetic  effects  are  important. 


1.  Introduction 

The  development  of  high  quality  CdTe- 
Cd,Hg|  .  ^Te  heterostructures  for  infrared  detec¬ 
tion  or  emission  systems  requires  a  tight  control  of 
layer  thicknes.ses  and  interface  smoothness.  The 
reflection  high  energy  electron  diffraction 
(RHEED)  oscillations  can  provide  such  informa¬ 
tion  [1]. 

In  this  paper  we  report  on  the  use  of  this 
technique  for  an  extensive  study  of  the  growth  of 
(001)  oriented  CdTe,  HgTe  and  Cd,Hg,  ,Te  al¬ 
loys  by  molecular  beam  epitaxy. 

After  a  short  description  of  the  experimental 
procedure  in  .section  2.  .section  3  deals  with  the 
sublimation  and  growth  mode  measurements  of 
CdTe.  We  demonstrate  the  non  unity  value  of  the 
Cd  sticking  coefficient  j  and  the  need  to  work 
under  Cd-rich  conditions.  The  growth  of 
Cd^Hg,  ,Tc  is  developed  in  section  4.  Intense 
RHEED  oscillation.s  are  observed  for  the  whole 
composition  range  and  show  that  the  growth  of 
Hg  compounds  also  takes  place  by  a  2D  layer-by- 
layer  mode.  The  main  result,  obtained  from  a 
comparison  between  the  RHEED  data  and  chem- 

*  Laboraioire  de  Spcctronielrie  Physique.  Universiie  J.  Four¬ 
ier,  F-.T't042  tirenoble  ( '^dcx.  Frante. 


ical  measurements  of  alloy  compositions,  is  that 
q  is  strongly  affected  by  the  interactions  with 
Hg  atom.s  and  that  kinetic  phenomena  are  im¬ 
portant  for  the  incorporation  rate  of  Cd  and  Hg. 


2.  Experimental 

The  samples  are  grown  in  a  Riber  32  P  .system 
on  (001)  Cd,iu6:^ni)()4Te  and  CdTe  wafers.  The 
substrate  temperature  7^  is  measured  with  a  ther¬ 
mocouple  in  contact  with  the  rear  face  of  the 
Molyholder.  Prior  to  growth,  the  substrates  are 
annealed  at  340  °C  and  a  thin  layer  of  CdTe  is 
grown  to  produce  a  smooth  surface.  For  CdTe 
growth,  a  CdTe  cell  i.s  used  in  conjunction  with  a 
Cd  cell  to  vary  the  flux  ratio  R  =  Cd/Te.  A  con¬ 
stant  level  Hg  cell,  a  CdTe  and  a  Te  cell  are  u.sed 
to  grow  Cd^Hg,  ,Te  (CMT)  layers.  The  RHEED 
oscillations  are  recorded  with  a  40  kV  e  gun  and 
standard  collection  optics  (lens,  fiber)  [2]. 


3.  (001)  CdTe  growth 

The  growth  and  sublimation  of  CdTe  layers  are 
performed  between  140  and  420  °C.  For  a  Cd/Te 
flux  ratio  R  =  1.  the  surface  exhibits  the  (2x1) 
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Fig.  1  (a)  RHFF.I)  os(.■||latlon^  recorded  during  the  growth  of  CdTe  at  U  =  240‘’C  with  and  without  Cd  additional  flu.x.  (b)  Cirowth 
rate  versus  F,  for  R  =  1(  x  |  and  R  =  2(  ”  ),  The  solid  line  corresponds  to  the  growth  rate  variation  deduced  from  an  equilibrium 
ibermodvnamic  calculatiim  for  R  =1.  (c)  RFIF.FD  oscillations  recorded  during  CdTe  sublimation  under  vacuum  or  with  a  2x  10 
Cd  overpressure  at  F,  =  .1H5‘’C  (d)  Plot  of  the  desorbing  rate  during  sublimation  (  X  )  and  growth  (a).  The  activation  energies  are  1.9 

eV  for  sublimation  and  ~  0 .1  eV'  during  growth  for  F  ^  -bO  °  C. 


Te-rich  recon.siruction.  With  an  additional  Cd  flux 
( R  s  2).  ihi.s  structure  is  strongly  damped  and  a 
faint  c(2  x  2)  is  ob.served.  which  becomes  pre¬ 
dominant  at  growth  interruption  under  Cd  flux 
[3],  Fig.  la  shows  the  RHEED  o.scillations  re¬ 
corded  for  a  growth  temperature  of  240  °C  with 
and  without  an  additional  Cd  flux.  The  growth 
rate  and  its  dependence  on  R  are  then  measured 
directly  by  opening  or  closing  the  Cd  cell  shutter. 
This  is  observed  as  a  function  of  in  fig.  lb.  We 
observe  a  net  enhancement  of  growth  rate  when  R 
increases  with  a  saturation  below  180°C.  where 
de.sorption  rate  becomes  negligible.  On  the  .same 
curve  we  have  plotted  the  growth  rate  for  R  =  1 
calculated  by  assuming  that  desorption  of  CdTe  is 
given  by  the  equilibrium  vapor  pressure  of  Cd  and 
Te,  over  CdTe.  For  this  calculation  the  K^{T) 
reaction  constant  has  been  obtained  from  the  sub¬ 
limation  rate  obtained  between  350  and  420  °C 


from  RHEED  oscillations  (figs.  Ic  and  Id).  The 
strong  difference  between  the  calculated  and  ex¬ 
perimental  curves  for  R  =  1  indicates  that  varia¬ 
tion  of  growth  rate  with  is  not  due  to  CdTe 
sublimation,  but  to  the  sticking  coefficient  of  Cd 
which  is  less  than  1  above  200  °C.  In  addition,  if 
we  plot  as  a  function  of  (fig.  Id  (a)),  the 
evaporation  rate  during  growth  (i.e.  the  difference 
between  the  growth  rate  r  measured  at  T,  and  the 
growth  rate  /•„  measured  below  180°C  where  the 
Cd  incorporation  is  equal  to  1).  we  obtain  an 
activation  barrier  of  0.3  eV  to  be  compared  to  1.9 
eV  for  the  sublimation  rate  (fig.  Id  (x)).  As  a 
consequence  of  this  low  value  of  Te  adatoms 
.should  also  desorb  to  maintain  surface  stoechiom- 
etry  and  to  provide  high  quality  growth.  Above 
250  °C.  excess  Te  reevaporates  easily  and  it  is 
then  possible  to  grow  CdTe  with  y?  =  1.  but  the 
high  evaporation  rate  of  CdTe  induces  surface 
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roughening  and  macroscopic  defects  [4],  Ad¬ 
ditional  Cd  flux  is  then  needed  to  have  a  smooth 
growth  front  with  high  surface  mobility  in  order 
to  get  sharp  interfaces  [2].  Below  220  °C,  Te  de¬ 
sorption  rate  is  lower,  so  that  additional  Cd  is  still 
necessary  to  “consume”  the  Te  excess  and  to 
provide  high  quality  layers  [5]. 


4.  (001)  Cd,Hg,_j,Te  growth 

An  example  of  the  RHEED  oscillations  ob¬ 
tained  for  CMT  growth  at  7^  =  180°  C  is  shown  in 
fig.  2.  As  we  use  a  Te  and  a  CdTe  cell,  it  is 
possible  to  observe  oscillations  for  the  growth  of 
HgTe  (fig.  2a),  “CdTe”  (meaning  CdTe  grown 
under  Hg  flux)  (fig.  2b)  and  Cd,Hg,_  ,Te  (fig.  2c). 
Each  oscillation  corresponds  to  the  growth  of  one 
monolayer  for  each  component  and  we  verify  that 
'"cMT  “  '’HgTt  +  '■  CdTe"'  where  r  is  the  growth  rate. 
During  growth  and  interruptions,  the  Hg  cell  is 
kept  open  and  the  surface  exhibits  the  c(2  X  2) 
structure.  After  damping  out,  the  oscillations  are 
recovered  by  a  30  s  growth  interruption  under  Hg 


r:  1.9  A/s  r:  4.1  A/s 


r:  6.4  A/s 


Fig.  1.  RHEED  osciJIations  at  for  (a)  HgTe,  (b) 

“CdTe"  under  Hg  flux  and  (c)  Cdo45Hgo55Te  growth.  The  Hg 
cell  shutter  is  kept  open  during  the  growth  and  the  interrup¬ 
tions. 


Fig.  3.  Variation  of  Cd^Hg,  _^Te  and  “CdTe”  growth  rate 
measured  by  RHEED  oscillations  versus  the  Hg  beam  equiv¬ 
alent  pressure  (BEP). 


flux,  indicating  appreciable  surface  mobilities  of 
Te  and  Cd  at  such  low  temperature.  The  in-situ 
measurements  of  growth  rate  allow  us  to  measure 
its  dependence  on  the  Hg  flux.  From  fig.  3  it  is 
evident  that  decreases  when  the  Hg  flux 

increases.  This  effect  results  from  the  reduction  of 
the  mean  free  path  of  Cd  and  Te,  species  by 
collision  with  Hg  atoms  whose  pressure  is  typi¬ 
cally  10'“'  Torr  [6].  This  reduction  is  totally  inde¬ 
pendent  of  the  substrate  temperature  (it  is  also 
observed  at  340  °C  for  CdTe  growth  with  and 
without  the  Hg  flux),  confirming  that  it  does  not 
involve  a  surface  reaction  effect. 

As  shown  in  fig.  2.  the  growth  rates  of  HgTe, 
“CdTe”  and  CMT  can  be  obtained  simulta¬ 
neously  and  the  alloy  composition  can  be  calcu¬ 
lated,  depending  on  the  Cd  incorporation  rate.  If 
the  sticking  coefficient  j  of  Cd  is  unity  (case  1 ) 
then  the  alloy  composition  j  is  given  by 

v.RHHKr>  ^•■CdTe”  '’rdTe'  /,, 

■'t  d  ~  -  i  r  ~  r  '  *  ' 

' dTe"  ^  'HgTe  'CMT 

If  Sj  j  is  below  unity  (case  2),  then  by  opening 
the  CdTe  cell  with  a  Hg  flux  impinging  on  the 
substrate  we  grow  Cd  ,Hg,  ^  ,Te  instead  of  CdTe 
as  case  1  and  x  cannot  be  given  directly  by 
relation  (1).  In  order  to  know  the  amount  (1  -  S) 
of  Hg  incorporation,  we  have  grown  several  4  m 
thick  “CdTe”  layers  under  Hg  and  in  the  same 
run  CMT  layers  under  the  same  conditions.  The 


714 


L  Ulmer  el  ai  /  Application  of  RHEED  oscillation  technique  to  growth  of  II-  V!  compounds 


RHEED  oscillations  and  compared  to  IR  transmission  mea¬ 
surements  (  V"*).  Case  I:  ,V(j  calculated  from  RHEED  by 
assuming  a  Cd  sticking  coefficient  of  1  at  180° C,  Case  2:  AVa 
calculated  from  RHEED  after  correction  by  the  actual  value  of 
.V(  j  deduced  for  each  sample  from  the  composition  measure¬ 
ment  of  “CdTe"  grown  under  Hg  flux. 


RHEED  oscillations  are  recorded  for  each  sample 
and  the  compositions  are  deduced  from  the  band 
gap  energy  position  given  by  IR  transmission  (the 
band  gap  is  determined  at  50%  transmission).  It  is 
shown  firstly  that  an  important  amount  of  Hg 
(1  -  Ss  30%)  is  incorporated  in  “CdTe"  grown 
under  Hg  (7J,  indicating  that  case  2  should  be 
considered,  and  .secondly  that  the  incorporation 
rate  depends  on  substrate  temperature  and  growth 
rate.  The  knowledge  of  5^  j  allows  us  to  calculate 
Vj  ,1  with  the  RHEED  oscillations: 


yKnhni  _  o 


'■•■t  UTc ■•/'(  . MT- 


(2) 


Fig.  4  shows  effectively  that  when  the 
value  deduced  from  RHEED  data  (case  1)  is  cor¬ 
rected  for  the  non-unity  incorporation  rate  of  Cd 
(case  2),  good  agreement  is  obtained  with  the  IR 
transmission  measurements  AT'''.  At  180°C  with  a 
Hg  flux  of  2  X  10  Torr.  Sj  ^  is  then  close  to  0.7. 
It  is  worth  noting  that  by  combining  RHEED 
oscillations  measurements  and  IR  transmission 
data,  the  Cd  sticking  coefficient  and  its  depen¬ 
dence  on  growth  parameters  can  be  evaluated  by 
growing  CMT  layers  without  growing  thick 
“CdTe”  layers. 


5.  Discussion  and  conclusion 

The  real  time  growth  measurements  carried  out 
by  the  RHEED  oscillation  technique  show  that 
cation  stabilized  growth  of  CdTe  and  Cd ,  Hg,  _  ,Te 
proceeds  by  2D  nucleation.  In  this  regime  the 
growth  rate  for  CdTe  and  the  CMT  alloy  com¬ 
positions  are  mainly  determined  by  the  sticking 
coefficient  of  Cd  which  can  be  far  below  unity 
and  depends  strongly  on  substrate  temperature 
and  Hg  overpressure  for  the  CMT  case.  The  most 
striking  effect  is  that  which  is  measured  as 
-  1  at  180°  C  for  CdTe.  falls  to  0.7  when  a  Hg 
flux  is  added.  This  shows  that  kinetic  interactions 
take  place  between  cation  species  on  the  growing 
surface  leading  to  a  competition  between  Cd  and 
Hg  adatoms  to  occupy  available  sites  for  incorpo¬ 
ration.  This  is  confirmed  by  the  growth  of 
Cd^Hg,  _  ,Te  on  (001)  misoriented  substrate  where 
an  enhancement  of  ^Cii  is  observed  due  to  a  more 
efficient  incorporation  of  Cd  at  step  edges.  All 
these  observations  enlighten  the  importance  of 
surface  kinetics  in  MBE  of  II-VI  compounds. 
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A  novel  technique  for  the  MBE  growth  of  twin-free  HgCdTe 
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A  novel  photon-assisted  MBE  technique,  compositionally  modulated  structures  (CMSs).  has  been  developed  to  suppress  twinning 
in  MBE  HgCdTe  growth.  Strain  effects,  introduced  by  thin  CdTe  layers,  suppress  planar  twinning  as  well  as  lowering  dislocation 
densities.  A  CMS  epilayer  consists  of  multiple  repeats  of  a  basic  unit  comprised  of  a  thick  (500-1500  A)  layer  of  HgCdTe  and  a  thin 
(20-50  A)  layer  of  CdTe.  The  CMS  epilayer  is  then  interdiffused  in  a  sealed  quartz  ampoule  at  temperatures  consistent  with  n-type 
(or  p-type)  annealing  producing  isotropic  HgCdTe  suitable  for  infrared  detector  array  fabrication.  CMS  has  alst>  been  successfully 
applied  to  the  low  defect  density  growth  of  HgCdTe  on  the  slightly  lattice-mismatched  CdTe  substrates.  This  is  an  important  result 
because  CdTe  substrates  are  less  expensive,  more  chemically  pure,  and  more  readily  available  than  the  lattice-matched  substrate 
C'dZnTe. 


1.  Introduction 

Molecular  beam  epitaxy  (MBE)  has  become  an 
important  technology  for  the  growth  of  the  im¬ 
portant  infrared  (IR)  ternary  Hg,  _  .Cd  .Te  (MCT). 
MBE  is  particularly  suited  for  MCT  growth  be¬ 
cause  the  slow,  controlled  growth  rates  and  low 
growth  temperatures  make  possible  the  growth  of 
multilayer  structures  and  superlattices  for  ad¬ 
vanced  device  applications. 

However,  the  growth  of  MCT  by  MBE  has 
been  plagued  by  the  formation  of  microstructural 
twinning  defects  and  a  high  level  of  line  disloca¬ 
tions.  These  defects  are  sources  of  dark  currents 
and  noise  generation  in  IR  MCT  detectors.  The 
reduction  of  these  defects  has  been  a  major  hurdle 
for  the  routine  use  of  MBE  MCT  for  fabricating 
high  performance  IR  detectors.  Twin  defects  oc¬ 
cur  on  the  (111)8  orientation  in  the  form  of 
laminar  twin  domains  arising  from  hexagonal 
stacking  faults.  Line  dislocation  defects  are  pro¬ 
duced  by  non-optimal  growth  parameters  and  from 
lattice  mismatched  heterointerfaces.  The  reduction 
of  these  defects  has  been  a  non-trivial  problem 
due  to  the  relative  instability  of  MCT. 

The  first  application  of  the  photo-assisted  MBE 
(PAMBE)  technique  to  the  growth  of  MCT  pro¬ 
duced  significant  improvement  in  the  crystalline 


quality  of  MCT  epilayers  [1].  In  this  paper,  we 
first  report  on  the  significant  improvements 
achieved  at  General  Electric  (GE)  for  the  growth 
of  MCT  on  (lll)B  oriented  CdTe  and  CdZnTe 
substrates  using  PAMBE  in  conjunction  with  tight 
control  of  critical  growth  parameters  using  GE's 
custom  MBE  equipment.  We  then  report  the  re¬ 
sults  of  our  novel  growth  technique,  composition- 
ally  modulated  structures  (CMSs),  u.sed  in  con¬ 
junction  with  the  PAMBE  technique  to  grow  high 
yields  of  twin-free.  low  dislocation  MCT  quite 
suitable  for  the  fabrication  of  high  performance 
IR  detector  arrays. 

2.  Experimental 

TTte  growth  of  MCT  epilayers  was  carried  out 
in  two  custom-made  MBE  machines  modified  for 
PAMBE  growth  [1].  An  argon  ion  laser  equipped 
wdth  broadband  optics  was  used  as  the  illumina¬ 
tion  source  for  all  growths.  Epilayers  were  grown 
without  buffer  layers  directly  onto  CdZnTe  and 
CdTe  substrates  obtained  from  II-VI,  Inc.  GE's 
proprietary  substrate  preparation,  which  includes 
a  combination  of  standard  wet  etching  techniques 
and  thermal  processing  prior  to  growth,  has  been 
shown  to  produce  high  quality  growth  interfaces 
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without  the  complexity  of  a  buffer  layer  [2].  Epi- 
layers  were  grown  at  temperatures  ranging  from 
170  to  180°C  during  this  study.  A  Varian  beam 
flux  monitor  was  used  to  provide  a  precise  de¬ 
termination  of  the  flux  from  the  thermal  sources, 
thus  enabling  reproducible  growth  conditions. 

The  composition  of  MCT  epilayers  grown  for 
this  study  was  determined  by  IR  transmission  and 
IR  photoluminescence.  Defect  etching  was  accom¬ 
plished  through  the  use  of  standard  etches  [3]. 
Double  crystal  X-ray  diffraction  rocking  curves 
(DCRCs)  were  measured  at  GE  Corporate  Re¬ 
search  and  Development  Center.  Transmission 
electron  microscopy  (TEM)  characterizations  were 
performed  at  Purdue  University  under  the  direc¬ 
tion  of  Professor  Nobuo  Otsuka  using  iodine  thin¬ 
ning  techniques. 


3.  Twin-free  growth  by  parameter  control 

MCT  grown  by  MBE  on  the  (lll)B  orientation 
typically  contains  a  high  density  of  laminar  twin¬ 
ning  arising  from  hexagonal  stacking  faults  during 
growth.  Fig.  la  shows  a  defect  etch  micrograph 
which  reveals  laminar  twinning  typically  observed 
in  (lll)B  MCT  grown  by  conventional  MBE.  Twin 
domains  also  affect  the  DCRC  full  width  at  half 
maximum  (FWHM)  as  evidenced  by  the  large 
value  of  150  arc  sec  observed  for  this  layer.  By 
changing  the  growth  kinetics  through  the  use  of  in 
situ  laser  illumination  of  the  substrate,  a  dramatic 
improvement  in  the  laminar  twinning  density  was 
observed,  as  illustrated  in  fig.  lb  by  the  defect 
etch  micrograph  obtained  from  a  (lll)B  MCT 
layer  grown  by  PAMBE.  A  reduction  of  twinning 


Fig.  1.  Defect  etch  micrographs  of  (a)  a  (lll)B  MCT  epilayer  grown  by  conventional  MBE.  and  (b)  one  grown  by  PAMBE.  along 
with  (c)  a  TEM  cross-section  obtained  from  the  layer  grown  by  PAMBE.  The  smooth  defect-free  interface  indicates  proper  initial 
growth  conditions.  The  onset  of  twinning  after  the  deposition  of  about  t  /im  of  material  indicates  that  twinning  occurs  due  to 

inadequate  parameter  control. 
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is  clearly  observed  as  evidenced  by  the  larger  twin 
domains.  The  DCRC  FWHM  of  40  arc  sec  ob¬ 
served  for  this  sample  also  attests  to  the  reduction 


Tsubstrate(°C)  (3) 


Fig.  2  (a)  Graphic  representation  of  the  twn-free  existence 
domain  as  a  function  of  Hg  flux  and  substrate  temperature  and 
(b)  defect  etch  micrographs  of  a  10  /im  thick  (lll)B  MCT 
epilayer  grown  by  PAMBE  within  this  existence  domain  il¬ 
lustrating  twin-free  growth. 


of  laminar  twinning.  The  etch  pit  density  (EPD) 
count  of  line  dislocations  inside  a  twin  domain 
was  5  X  10*’  cm”^.  Although  this  EPD  count  is 
comparable  to  that  of  many  LPE  MCT  films,  the 
density  is  still  an  order  of  magnitude  larger  than 
that  required  for  advanced  detector  fabrication. 

The  TEM  cross-section  micrograph  of  fig.  Ic 
obtained  from  the  (lll)B  MCT  layer  shown  in  fig. 
lb  illustrates  that  laminar  twinning  arose  as  a 
result  of  deviation  from  optimal  growth  parame¬ 
ters  during  deposition  as  evidenced  by  the  onset  of 
twinning  after  the  growth  of  1  fim  of  material 
beyond  a  smooth,  dislocation-free  substrate-epi- 
layer  interface.  A  systematic  study  of  the  effects  of 
altering  Hg  overpressure  and  substrate  tempera¬ 
ture  during  growth  determined  that  these  parame¬ 
ters  had  to  be  tightly  controlled  in  order  to  pro¬ 
duce  twin-free  (lll)B  MCT  epilayers.  Fig.  2a 
graphically  illustrates  that  the  substrate  tempera¬ 
ture  must  be  maintained  to  within  ±1°C  of  the 
optimum  while  simultaneously  controlling  the  Hg 
flux  to  within  a  few  percent  in  order  to  achieve 
twin-free  growth.  The  absence  of  twin  domains  in 
the  defect  etch  micrograph  (fig.  2b)  from  a  10  /im 
thick  (lll)B  HgCdTe  epilayer  grown  by  PAMBE 
within  this  twin-free  existence  domain  illustrates 
laminar-twin-free  growth.  Laminar-twin-free  films 
also  exhibited  reduced  DCRC  FWHMs  of  13-25 
arc  sec  and  EPD  counts  of  1-XlO^  cm'^.  well 
within  the  range  required  for  fabrication  of  high 
performance  IR  detectors. 

4.  The  CMS  technique 

The  critical  control  of  the  Hg  flux  and  the 
substrate  temperature  required  for  twin-free  (11 1)B 
MCT  growth  is  difficult  to  achieve  and  has  limited 
the  yield  to  less  than  20%.  To  circumvent  this 
problem,  we  have  developed  a  new  MBE  MCT 
growth  approach,  compositionally  modulated 
structures  (CMSs).  The  first  step  of  this  two-step 
process  is  to  grow  an  epilayer  consisting  of  alter¬ 
nating  layers  of  MCT  (5(X)-1500  A  thick)  and 
CdTe  (20-50  A  thick).  The  second  step  is  to 
anneal  the  epilayer  in  a  closed  quartz  ampoule 
under  standard  conditions  in  order  to  interdiffuse 
the  layers  to  produce  isotropic  MCT.  The  ra- 
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tionale  behind  such  an  approach  is  that  the  thin 
CdTe  layers  will  serve  to  suppress  planar  twinning 
due  to  interface  strain  caused  by  the  slight  lattice 
mismatch  between  the  constituent  layers.  The 
multiple  layers  in  the  CMS  structure  also  serve  to 
block  threading  dislocations,  analogous  to  that 
observed  in  IIl-V  systems. 

Indeed,  the  CMS  approach  was  found  to  result 
in  the  growth  of  twin-free  (111)8  MCT  with  a 
substantially  improved  yield  of  87%.  This  result 
indicates  that  the  CMS  technique  allows  for  a 
greater  latitude  in  parameter  control.  Also,  CMS 
epilayers  typically  exhibit  EPD  counts  lower  than 
that  observed  for  the  substrates  on  which  they  are 
grown,  indicating  that  line  dislocations  are  sup¬ 
pressed  by  the  CMS  technique.  Stronger  evidence 
for  this  claim  is  given  by  the  TEM  cross-section  of 
an  unannealed  CMS  structure  grown  on  a  CdTe 


substrate  shown  in  fig.  3.  Dislocations  due  to  the 
slight  lattice  mismatch  are  observed  at  the  inter¬ 
face,  as  well  as  threading  dislocations  arising  from 
the  substrate.  The  dislocations  die  out  at  about  0.2 
/im  from  the  interface,  consistent  with  the  CMS 
growth  technique  suppressing  the  propagation  of 
threading  dislocations  through  dislocation  bend¬ 
ing. 

CMS  is  also  effective  in  blocking  dislocations 
which  arise  from  the  use  of  lattice  mismatched 
substrates.  Fig.  3b  shows  two  MCT  epilayers 
grown  on  (211)8  CdTe  substrates.  The  layer  grown 
without  CMS  has  the  high  EPD  consistently  found 
with  the  use  of  slightly  lattice  mismatched  CdTe. 
The  layer  grown  by  CMS,  however,  exhibits  a 
significantly  reduced  EPD  indicative  of  the  sup¬ 
pression  of  line  dislocations.  This  is  an  important 
result  because  the  CMS  technique  allows  for  the 


Fig.  3.  Illustration  of  the  line  dislocation  bending  property  of  the  CMS  technique.  The  TEM  cross-section  (a)  obtained  from  a  CMS 
epilayer  grown  on  a  CdTe  substrate  shows  elimination  of  the  dislocation  .structure  at  about  0.2  )im.  The  defect  etch  micrographs  (b) 
show  a  reduction  in  EPD  counts  upon  going  from  the  PAMBE  technique  (upper  micrograph)  to  the  PAMBE/CMS  technique  (lower 
micrograph)  for  MCT  growth  on  slightly  lattice  mismatched  CdTe  substrates. 
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growth  of  low  dislocation  density  MCT  on  CdTe 
substrates  suitable  for  advanced  IR  detector  fabri¬ 
cation.  CdTe  substrates  are  cheaper,  purer,  and 
more  readily  available  than  lattice  matched 
CdZnTe  substrates.  In  addition,  the  ability  of  the 
CMS  technique  to  block  threading  dislocations  is 
attractive  for  the  potential  use  of  substrates  with 
even  greater  lattice  mismatch,  such  as  GaAs. 

5.  Summary 

A  small  existence  region,  constrained  by  the  Hg 
flux  and  the  substrate  temperature,  was  shown  to 
exist  for  achieving  twin-free  growth  of  (lll)B  MCT 
by  PAMBE  on  a  limited-yield  basis.  A  novel  con¬ 
cept  in  MBE  growth,  CMS,  in  conjunction  with 
PAMBE  was  shown  to  be  a  viable,  high  yield 
technique  for  producing  isotropic,  twin-defect-free 


(lll)B  MCT.  The  CMS  technique  was  also  shown 
to  bend  line  dislocations  allowing  for  the  potential 
growth  of  low  dislocation  density  MCT  on 
lattice-mismatched  substrates,  such  as  CdTe  or 
GaAs. 
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Very  low  temperature  growth  and  doping  of  Hg-based  epilayers 
and  superlattices 
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Photoassisted  MBE  growth  of  Hg-based  thin  films  at  very  low  temperatures  (125-150®C)  is  reported.  Substitutionally  doped 
superlattices  were  also  prepared  at  low  temperatures,  using  modulation  doping  techniques  in  which  In  and  As  were  used  as  n-type 
and  p-type  dopants,  respectively.  The  doped  superlattices  exhibit  excellent  electrical  properties  and  optical  properties  characteristic  of 
2D  quantum  structures.  Analysis  of  the  measured  absorption  data  yields  a  valence  band  offset  of  350  meV  for  the  HgTe-CdTe 
mterface. 


1.  Introduction 

In  recent  years,  molecular  beam  epitaxy  (MBE) 
growth  of  HgCdTe  for  infrared  (IR)  detectors  and 
of  related  superlattice  structures  has  seen  steady 
improvements.  Advances  in  device  fabrication  {1,2] 
as  well  as  in  understanding  of  the  fundamental 
physics  of  this  material  [3,4]  have  been  made. 
However,  a  few  difficulties  still  remain  to  be  over¬ 
come.  In  particular,  p-type  substitutional  doping 
of  the  Hg„sCd„;,Te  alloy,  suitable  for  IR  detectors 
in  the  8-12  jim  range,  has  not  been  achieved  to 
date,  although  viable  alternatives  have  been  dem¬ 
onstrated  [5],  Additionally,  growth  on  (100)  is  still 
plagued  by  structural  defects,  namely  pyramidal 
hillocks  of  densities  lO'-lO*"  cm'",  which  seri¬ 
ously  limit  device  applications  [6].  Other  issues  of 
concern  are  the  interdiffusion  effects  observed  in 
SLs  grown  at  conventional  MBE  temperatures  [7J. 
A  possible  solution  to  several  of  these  problems  is 
offered  by  very  low  temperature  MBE  growth, 
which  is  feasible  by  use  of  the  photoassisted  MBE 
technique  [8J. 

In  this  paper,  we  present  results  of  an  investiga¬ 
tion  of  the  growth  parameters  for  very  low  tem¬ 
perature  growth  (1 25-150  °C)  of  Hg-based  films 
and  multilayers  by  photoassisted  MBE.  This  ap¬ 
preciable  reduction  in  growth  temperature  has  al¬ 
lowed  us  to  substantially  reduce  the  Hg  source 


flux  use  in  the  growth  experiments;  beam  equiv¬ 
alent  pressures  as  low  as  5  x  10'^  Torr  were  em¬ 
ployed.  nearly  an  order  of  magnitude  less  than 
fluxes  used  for  ordinary  MBE  growth  at  conven¬ 
tional  temperatures.  The  layers  were  grown  on 
(100)  CdZnTe  substrates  with  the  CdTe  and  Te 
source  fluxes  adjusted  to  obtain  0.6-3  A/s  growth 
rates.  HgTe  layers  and  HgTe-HgCdTe  super¬ 
lattices  grown  under  these  conditions  exhibited 
good  structural  quality,  with  double-crystal  X-ray 
diffraction  peak  FWHMs  in  the  range  28-300  arc 
.sec.  Pyramidal  hillock  densities  in  the  range  10'*- 
lO^cm'^  were  measured  for  all  samples. 

Substitutionally  doped  superlattices  were  also 
prepared  at  low  temperatures,  using  modulation 
doping  techniques  in  which  In  and  As  were  used 
as  n-type  and  p-type  dopants,  respectively.  The 
doped  superlattices  exhibit  excellent  electrical 
properties  ( /a „  >  10'cm"/V  •  s,  gp  -  10‘'cm"/V  •  s) 
and  optical  properties  characteristic  of  2D  quan¬ 
tum  structures.  Analysis  of  the  measured  absorp¬ 
tion  data  yields  a  valence  band  offset  of  -  350 
meV  for  the  HgTe-CdTe  interface. 


2.  Experimental  details 

The  HgTe  epilayers  and  the  HgTe- HgCdTe 
SLs  included  in  this  study  were  grown  on  5  mm  X  7 
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mm  high-quality  (100)  CdZnTe  (4%  Zn)  substrates 
furnished  by  SBRC  and  II-VI,  Inc.  The  substrates 
were  chemimechanically  polished  and  etched  in  a 
2%  bromine-in-methanol  solution,  then  degreased 
and  briefly  etched  into  a  1 : 1  HCl  and  DI  water 
solution.  Immediately  prior  to  growth,  the  sub¬ 
strates  were  preheated  in  vacuum  at  about  300  °  C 
to  desorb  the  Te  surface  layer.  The  growth  tem¬ 
peratures  used  were  in  the  range  125-150°C. 
These  values  represent  actual  substrate  tempera¬ 
tures,  as  determined  from  temperature  calibra¬ 
tions  based  on  the  melting  points  of  several  metals. 
In  the  photoassisted  MBE  process,  the  beam-ex¬ 
panded.  broad-band  output  (458-514  nm)  of  a 
Spectia-Physics  2016-05  argon-ion  laser  was  used 
to  uniformly  illuminate  the  substrate  during  film 
growth.  Laser  power  densities  at  the  substrate 
ranging  from  35  to  80  mW/cm"  were  utilized.  As 
the  temperature  was  lowered,  the  laser  power  den¬ 
sity  was  increased  to  compensate  for  the  decrease 
in  the  thermal  energy  supplied  to  the  substrate 
surface.  These  power  densities  do  not  produce  any 
significant  heating  of  the  substrate  surface. 

In  the  modulation  doped  superlattices.  In  and 
.As  were  used  as  the  n-type  and  p-type  dopants, 
respectively.  The  dopants  were  incorporated  uni¬ 
formly  in  the  barrier  layers  (no  setback),  and  the 
temperatures  of  the  In  and  As  ovens  were  varied 
from  run  to  run.  resulting  in  a  range  of  doping 
levels  obtained  for  the  series  of  SLs.  Each  of  the 
superlatticev  consisted  of  200  double  layers  of 
HgTe-  Hg,|  isCdii^^Te.  The  individual  layer  thick- 
ne.s.ses  for  each  SL  were  determined  by  using 
DEKTAK  total  thickne.ss  measurements,  the  an¬ 
gular  separation  of  X-ray  satellite  peaks  relative  to 
the  main  diffraction  peak,  and  the  growth  rates  of 
HgTe  and  HgCdTe  determined  using  calibration 
layers  grown  under  the  same  conditions. 

Double-crystal  X-ray  rocking  curve  measure¬ 
ments  were  performed  on  all  the  SLs  included  in 
this  study.  The  full-width  at  half-maximum 
(FWHM)  of  the  main  (400)  diffraction  peak  was 
u.sed  as  a  measure  of  structural  quality.  Electrical 
characterization  of  the  SLs  consisted  of  standard 
Van  der  Pauw-Hall  measurements  over  the  tem¬ 
perature  range  between  30  and  300  K.  Optical 
absorption  coefficients  for  selected  SLs  were  de¬ 
termined  by  measuring  their  transmittance  and 


reflectance  at  room  temperature.  Photographs  of 
selected  sample  surfaces  were  obtained  using  a 
JEOL-6400  scanning  electron  microscope  (SEM). 

3.  Results  and  discussion 

3.1.  HgTe  epilayers 

A  series  of  growth  experiments  was  undertaken, 
where  the  substrate  temperature  was  systemati¬ 
cally  lowered  to  cover  the  range  125-150°C.  As 
the  temperature  was  lowered,  the  laser  power  den¬ 
sity  was  increased  to  compensate  for  the  decrease 
in  thermal  energy  supplied  to  the  substrate  surface. 
HgTe  growth  rates  between  1  and  3  A/s  were 
used,  and  Hg  fluxes  with  BEPs  of  5x10"^  to 
1  X  10“'*  Torr  were  employed.  Tlie  layers  ob¬ 
tained  exhibit  good  structural  quality,  with  DCRC 
X-ray  peak  FWHMs  within  the  range  40-200  arc 
sec.  The  best  results  (40  arc  sec)  were  obtained  for 
HgTe  grown  at  125  °C  using  a  laser  power  density 
at  the  substrate  of  48  mW/cm*.  a  Hg  flux  BEP  of 

-  6.5  X  10“^  Torr.  and  a  growth  rate  of  -  1  A/s. 
Layers  grown  under  similar  conditions  but  with 
higher  growth  rates  (2-3  A/s)  yielded  comparable 
results  for  the  structural  quality  (60-100  arc  sec). 

The  surface  morphology  of  these  HgTe  epi¬ 
layers  is  similar  for  the  different  growth  condi¬ 
tions  employed:  the  films  appear  specular  to  the 
eye.  but  examination  using  a  SEM  reveals  the 
presence  of  rectangular  pyramidal  hillocks.  Hil¬ 
locks  of  this  type  always  occur  for  (100)  growth  of 
Hg-ba.sed  materials  and  have  been  observed  by 
many  others  [9-11],  This  growth  defect  is  il¬ 
lustrated  by  the  SEM  photos  shown  in  fig.  1.  In 
fig.  la  is  shown  the  surface  of  film  A107,  a  HgTe 
epilayer  grown  at  125  °C  (hillock  density  -  9  X 
lO^cm  ^),  In  fig.  lb  is  shown  the  surface  of  A63, 
a  HgTe  epilayer  grown  at  150°C  (hillock  density 

-  1  X  lO*  cm“').  To  our  knowledge,  this  hillock 
den.sity  is  comparable  to  the  lowest  ever  obtained 
for  a  Hg-based  layer  grown  by  conventional  MBE 
at  higher  temperatures. 

3.2.  HgTe-Hg„  ifCdiif,,  Te  superlattices 

n-Type  and  p-type  modulation-doped  SLs  were 
successfully  grown  for  a  range  of  layer  thicknesses 
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Fig.  1.  Surface  morphology  of  (a)  HgTe  epilayer  A107  grown 
at  125°C  (hilUx'k  density  -9x10**  cm  ")  and  (b)  HgTe 
epilayer  Ah3  grown  at  150®C  (hilKxk  density  -  1  x  10"* cm  "). 


und  doping  levels  (4  X  10'''- 1  x  lO'^cm  ')  at  low 
temperatures).  Fig.  2  shows  Hall  data  for  two 
representative  modulation-doped  sample.s,  both 
grown  at  140 °C  by  phoioassi.sted  MBE,  which 
dearly  manifest  the  effects  of  doping.  Sample 
A69A  is  an  n-type  SL  {T^„  =  475 °C)  having  a  well 
thickness  of  58.3  A  and  a  barrier  thickness  of  48.6 
A.  corresponding  to  a  band  gap  =  19.5  meV  at 
77  K.  The  electron  concentration  is  constant,  due 
to  modulation  doping,  and  equal  to  1.1  x  10'^ 
cm  ’  at  temperatures  below  -  100  K.  as  shown 
in  fig.  2a.  The  electron  mobility  increases  with 
decreasing  temperature  and  reaches  a  maximum 
of  32,000  cmVV  •  s  at  30  K. 


A74  (fig.  2b)  is  a  p-type  modulation-doped  SL 
for  which  L.  =  25.9  A  and  L^,  =  35.6  A.  These 
layer  thicknesses  correspond  to  a  band  gap  — 
171  meV  at  77  K.  In  this  case,  the  Hall  coefficient 
becomes  positive  at  -  285  K.  At  temperatures 
below  ~  1 80  K,  the  hole  concentration  is  constant 
and  equal  to  -  7  x  10‘*  cm  \  The  hole  mobility 
is  approximately  250  cm^/V  •  s  over  this  tempera¬ 
ture  range,  which  is  quite  reasonable  for  a  -  1  jam 
band  gap  structure. 

Optical  absorption  coefficients  versus  photon 
energy  for  two  SLs  A69A  and  A112  are  shown  in 
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Fig.  2.  Hall  effect  data  for  (a)  an  n-type  modulation-doped  SL 
(r|„  =  475°C)  and  (h)  a  p-type  substitutionally  doped  super- 
lattice  =  220  ■’O, 
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!  ig.  3.  Optical  ahvirpiuin  coefficient  nctsun  phiUon  energy  for 
(a)  SI  AP4A  grov-n  al  f  and  (bt  SI.  112  grown  at 

/;  -  i:5°C'. 


Cig.  3.  Hach  spectrum  contains  several  distinct 
steps  and  plateaus,  which  are  clear  manifestations 
of  the  2D  quantum  nature  of  these  structures. 
Note  that  for  SL  A69A,  which  was  prepared  using 
a  substrate  temperature  T,  =  140°C,  the  onset  of 
absorption  (heavy  hole  HI  to  conduction  band  FI 
transition)  <xcurs  at  about  100  meV  and  a  second 
transition  is  barely  discernable  at  about  210  meV. 
This  second  transition  corresponds  to  the  light 
hole  LI  to  conduction  band  El  transition.  The 
energy  separation  between  these  two  transitions 
(  -  110  meV)  is  thus  a  measure  of  the  light  and 
heavy  hole  energy  splitting  in  the  valence  band 
due  to  quantum  confinement.  The  observed  split¬ 
ting  IS  consistent  with  a  large  valence  band  offset 
(about  350  meV  for  the  HgTe  C'dTe  binary  inter¬ 
face).  Note  that  the  absorption  spectrum  of  SL 


A112.  prepared  using  7,  =  125°C.  appears  sharper 
due  to  the  reduced  growth  temperature,  which 
gives  rise  to  sharper  interfaces  between  the  SL 
layers. 

Measured  hillock  densities  for  the  (100)  super¬ 
lattices  tend  to  be  somewhat  higher  ( >  lO'  cm  ') 
than  for  the  best  HgTe  epilayers  grown  at  low 
temperatures.  We  believe  the  hillock  density  on 
our  best  HgTe  layers  is  determined  by  substrate 
dislocations,  in  accord  with  earlier  studies  [9-11]. 
In  the  case  of  SL  growth  at  low  temperatures,  the 
observed  increase  in  hillock  density  may  be  re¬ 
lated  to  less-than-ideal  parameters  for  growth  of 
the  Hg,|  isCdo^jTe  barrier  layers.  The.se  layers  are 
grown  using  a  single  CdTe  MBE  source  in  the 
presence  of  a  mercury  ambient.  We  have  found 
that  thick  layers  of  Hg,,  i^CdimsTe  grown  in  this 
way  have  even  higher  hillock  densities  (often  >  10'’ 
cm  ■).  Modification  of  the  technique  used  for 
growth  of  these  barrier  layers  (by  using  a  second 
supplemental  Te  source,  for  example)  may  be  nec¬ 
essary  to  reduce  the  SL  hillock  density  to  below 
KT*  cm  '.  a  requirement  for  certain  infrared  de¬ 
tector  applications. 


4.  Summary 

Photoas.sisted  MBE  grt'wth  of  Hg-based  thin 
films  at  very  low  temperatures  (125  150°C')  is 
reported.  Subsiitutionally  doped  superlattices  were 
aLso  prepared  at  low  temperatures,  using  modula¬ 
tion  doping  techniques  in  which  In  and  .As  were 
used  as  n-type  and  p-type  dopants,  respectivelv. 
The  doped  superlattices  exhibit  excellent  electrical 
properties  and  optical  properties  characteristic  of 
2D  quantum  .structures.  .Analysis  of  the  measured 
absorption  data  yields  a  valence  band  offset  of 
-  350  meV  for  the  HgTe  C'dTe  interface.  Growth 
at  low  temperatures  (~  125°C')  produces  Sl.s  of 
superior  interfaces,  as  exemplified  by  improved 
optical  absorption  spectra.  Hillock  densities  for 
the  SLs  were  found  to  he  an  order  of  magnitude 
higher  than  for  the  best  HgTe  epilayers  grown  at 
low  temperatures. 
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Chemical  beam  epitaxy  of  CdTe,  HgTe,  and  HgCdTe 

R.G.  Benz  II,  B.K.  Wagner,  D.  Rajavel  and  C,J.  Summers 

Physical  Sciences  Laboratory,  Georgia  Tech  Research  Institute,  Atlanta,  Georgia  30332.  USA 


A  chemical  beam  epitaxy  (CBE)  system  has  been  implemented  for  the  growth  of  CdTe.  HgTe.  and  their  alloys.  The  system  is 
briefly  described.  Results  on  the  cracking  of  the  organometallic  source  gases  are  presented.  Epitaxial  layers  have  been  grown  from  gas 
sources  of  diethylcadmium.  diisopropyltelluride  and  Hg  vapor,  as  well  as  conventional  solid  sources.  Optical  and  electrical  properties 
are  reported,  demonstrating  the  potential  of  CBE  for  growing  high  quality  solar  cell  and  infrared  detector  material. 


1.  Introduction 

The  development  of  chemical  beam  epitaxy 
(CBE)  has  principally  involved  III-V  semiconduc¬ 
tors  and  more  recently  wide  bandgap  electro¬ 
luminescent  II -VI  materials  such  as  ZnSe  and 
ZnS.  We  have  recently  extended  this  growth  tech¬ 
nique  to  Te-ba.sed  large  bandgap  (ZnTe/CdTe) 
and  small  bandgap  (HgTe/HgCdTe)  materials. 
This  paper  describes  further  d  -velopments  and 
results  of  this  work. 

For  HgCdTe  we  believe  that  CBE  offers  signifi¬ 
cant  advantages  in  addressing  both  the  material 
.science  and  implementation  i.ssues  of  the  growth 
of  the.se  materials  [1],  The  high  volatility  of  the 
alloy  components,  the  low  Hg  sticking  coefficient 
(<  10  ’)  and  fast  diffusion  on  the  cation  .sub¬ 
lattice  all  require  growth  temperatures  for  alloy 
and  superlattice  growth  of  less  than  230  and 
150°C.  re.spectively.  Thus,  material  and  interface 
quality  are  critically  dependent  on  optimization  of 
the  nucleation  kinetics  and  on  maintaining  very 
stable  flux  control  throughout  layer  growth.  CBE 
addresses  both  of  these  aspects  by  enabling  chem¬ 
ical  manipulation  and  precise  regulation  of  the 
flux  species.  Thus,  growth  can  be  achieved  using 
monomer  Te,  which  has  been  shown  to  enhance 
the  Hg  sticking  coefficient,  and  also  monomer  or 
dimer  arsenic  for  p-type  doping.  Additionally,  the 
u.se  of  gas  dopant  sources  also  enables  an  investi¬ 
gation  of  group  VII,  n-type  dopants,  which  are 
difficult  to  contrxd  in  conventional  MBE  systems. 


These  dopants  also  are  expected  to  substitute  on 
the  Te  sublaltice  and  thus  will  be  le.ss  susceptible 
to  diffusion. 


2.  Experimental 

2,1,  CBE  .system 

Growth  was  performed  in  a  Varian  GEN  II 
MBE  system  with  extensive  modifications  to  con¬ 
vert  it  to  a  CBE  system.  The  system  is  shown  in 
fig.  1.  These  modifications  have  been  described  in 
detail  elsewhere  [2],  and  will  be  briefly  reviewed 
here. 

The  CBE  system  currently  has  operational  gas 
sources  for  the  host  elements  tellurium,  cadmium 
and  zinc,  and  also  arsenic  and  iodine  for  p-  and 
n-type  doping.  For  HgCdTe  growth,  diisopro¬ 
pyltelluride  (DipTe)  and  diethylcadmium  (DeCd) 
flow  rates  were  controlled  by  MKS  Instruments 
11  SOB  flow  controllers,  which  operate  through 
pre.ssure  control  and  thus  do  not  require  the  u.se  of 
carrier  gases.  Both  the  DeCd  and  DipTe  were 
directly  injected  into  group  II  or  group  VI  gas 
injectors,  respectively,  where  they  are  cracked  and 
directed  onto  the  substrate.  For  p-type  doping 
arsine  is  used  as  the  As  source,  although  any  of 
the  organometallic  As  gases  could  be  used.  The 
dopant  source  works  on  the  same  principle  as  the 
MKS  11  SOB  flow  controllers  except  for  the  use  of 
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a  manual  leak  valve  as  a  variable  orifice.  The 
arsine  is  cracked  in  the  group  VI  gas  injector 
before  entering  the  CBE  chamber.  Mercury  flux  is 
provided  by  the  Hg-pressure  controlled  vapor 
source  (Hg-PCVS)  reported  previously  [3].  Solid 
sources  of  Cd.  Te,  Zn  and  CdTe  are  used  for  MBE 
growth  in  the  CBE  system.  The  system  is  equipped 
with  a  UTl-lOOC  quadrupole  mass  analyzer 
(QMA)  and  a  reflection  high  energy  electron  dif¬ 
fraction  (RHEED)  system  with  computer-based 
image  analysis.  Other  features  of  the  CBE  system 
are  shown  in  the  figure,  but  will  not  be  described 
here. 

Four  vacuum  pumps  are  currently  used  on  the 
CBE  system.  During  CBE  growth,  a  Balzers  MBE 
series  turbomolecular  pump  and  a  Varian  Cryos- 
tack  8  cryopump  evacuate  the  growth  chamber. 
The  gases  exhausted  from  the  turbomolecular 
pump  are  pumped  by  an  Alcatel  50  cfm  Corrosive 
Series  mechanical  pump  and  then  pass  through  an 
Emcore  toxic  gas  scrubber  filled  with  activated 
charcoal  capable  of  .scrubbing  both  Hg  and  the 
organometallic  vapors.  Both  of  the.se  pumps  are 


used  only  for  CBE  growth  and  otherwise  are  turned 
off  to  prolong  their  working  life.  In  addition,  the 
substrate  cryoshroud  is  continually  cooled  with 
liquid  nitrogen  to  pump  Hg  vapor  and  uncracked 
organometallics.  During  MBE  growth  a  400  1/s 
ion  pump  and  a  titanium  sublimination  pump  are 
used. 

3.2.  Growth  conditions 

Epitaxial  layers  of  CdTe.  HgTe,  and  HgCdTe 
were  grown  on  chemically  polished  (OOl)-oriented 
CdTe,  ZnCdTe  and  GaAs  substrates.  All  layers 
were  grown  on  CdTe  buffer  layers  deposited  by 
CBE  or  from  a  binary  CdTe  source.  The  Hg-based 
layers  were  grown  at  a  substrate  temperature  of 
165-185°C  and  the  CdTe  layers  were  grown  at 
substrate  temperatures  ranging  from  185-320°C. 
All  .substrate  surface  temperatures  below  230°C 
were  calibrated  by  a  Te-condensation  technique 
(4].  Growth  rates  for  all  layers  were  ~  0.5-0.6 
jum/h  and  layer  thickness  varied  from  2-6  fim. 
Hg-based  materials  were  capped  by  a  thin  CdTe 
layer  to  prevent  surface  degradation. 


ION  PUMP 

Ti  GETTER  PUMP 

CRYOPUMP 

TURBOMOLECULAR 

PUMP 


Fig.  I .  Schematic  of  CBE  system. 
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3.  Results 

i.  1.  Gas  injector  characterization 

In  order  to  remove  the  cracking  dependence  of 
the  source  gases  from  the  substrate  temperature, 
the  source  gases  are  precracked  in  a  high  tempera¬ 
ture  injector.  To  prevent  gas  phase  reactions  sep¬ 
arate  injectors  are  utilized  for  the  group  II  ele¬ 
ments  and  group  VI  elements.  Both  can  accept 
three  separate  gas  lines.  Each  injector  uses  a  spe¬ 
cially  designed  boron  nitride  diffuser  element  to 
enhance  cracking  efficiency.  The  group  II  injector 
uses  a  Ta  delivery  tube  white  the  group  VI  utilizes 
a  pyrolitic  boron  nitride  (pBN)  delivery  tube  to 
avoid  any  reaction  between  Te  and  Ta  [5].  Both 
injectors  are  capable  of  operating  at  diffuser  tem- 
fjeratures  of  1300°C  and  have  dual  thermocouples 
for  monitoring  temperature  gradients  along  the 
delivery  tubes. 

Studies  have  been  implemented  to  determine 
cracking  efficiency  for  both  DeCd  and  DipTe.  In 
the  analysis,  corrections  to  the  data  have  been 
made  for  quadrupole  transmission,  ionization 
probability,  multiplier  gain,  and  fragmentation  of 
the  polyatomic  molecules.  Fig.  2  shows  the  ratio 
of  monomer  Te  to  the  total  Te  species  in  the 
beam,  defined  as  the  monomer  Te  production 


I 


! 
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ratio  (MTeP),  versus  DipTe  flow  rate  at  different 
diffuser  temperatures.  A  MTeP  ratio  of  25%  was 
observed  for  a  diffuser  temperature  of  500°C  and 
was  found  to  be  almost  independent  of  flow  rate. 
For  diffuser  temperatures  greater  than  700°C,  all 
of  the  DipTe  has  been  cracked.  The  majority  of 
the  Te  species  from  the  injector  is  monomer  and 
dimer  Te,  with  a  large  increase  in  the  MTeP  ratio 
to  approximately  80%  and  a  corresponding  Te/Te^ 
ratio  of  10  for  low  flow  rates.  At  higher  flows,  the 
MTeP  ratio  gradually  decreases  to  -  55%  at  flow 
rates  greater  than  30%  of  10  SCCM  FS.  Further 
increases  in  diffuser  temperature  up  to  1300°C 
had  little  effect  on  the  MTeP  ratio.  The  decrease 
in  the  MTeP  ratio  at  high  flow  rates  is  attributed 
to  two  effects.  For  high  gas  pressures  in  the  injec¬ 
tor.  monomer  Te  combines  in  the  gas  phase  to 
form  dimer  Te.  The  other  effect  which  influences 
the  MTeP  ratio  at  all  flow  rates  is  deposition  and 
reevaporation  of  Te  in  the  delivery  tube.  Since 
there  is  an  appreciable  thermal  qradient  along  the 
delivery  tube,  at  higher  diffuser  temperatures  more 
DipTe  cracks  farther  from  the  injector  exit.  The 
monomer  Te  then  can  deposit  in  the  tube  and 
subsequently  reevaporate  as  dimer  Te.  Te  deposi¬ 
tion  has  been  verified  by  examination  of  the  inside 
of  the  delivery  tube  during  operation  and  by  plot¬ 
ting  the  total  Te  species  versus  flow  rate  for  in¬ 
creasing  diffu.ser  temperatures.  •  A  significant  de¬ 
crease  in  the  total  flux  of  Te  species  is  seen  at  high 
diffuser  temperature  due  to  Te  deposition  in  the 
tube.  This  effect  is  seen  during  AsHj  cracking  [6]. 
Although  the  MTeP  ratio  decreases  at  the  large 
flows,  most  growth  occurs  in  the  1-2  SCCM  range, 
where  the  MTeP  ratio  is  maximum.  The  cracking 
of  DeCd  in  the  group  II  injector  is  similar  in 
behavior  to  DipTe.  DeCd  is  completely  cracked  to 
Cd  at  500  °C  for  flows  up  to  60%  of  5  SCCM  FS. 
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Fig.  2.  Monomer  Te  production  (MTeP)  ratio  versus  DipTe 
flow  for  three  diffuser  temperatures. 


J.J.  CdTe  characterization 

Photoluminescence  (PL)  re.sults  were  obtained 
for  CdTe  layers  grown  by  CBE  on  CdTe  sub¬ 
strates.  Fig.  3  shows  photoluminescence  spectra 
taken  at  10  K  of  four  CdTe  layers  grown  with 
various  DipTe/DeCd  flux  ratios.  These  measure¬ 
ments  were  obtained  using  the  6328  A  line  of  a 
HeNe  laser  as  the  excitation  source.  Each  of  the 
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Fig.  3  Phololumine.scence  .speclra  ai  10  K  for  four  CBE  CdTe 
layer;,  grown  at  different  DipTe/DeCd  flu.x  ratios. 


spectra  exhibit  donor  bound  excitonic  emission 
near  7800  A  and  acceptor  bound  transitions  at 
-  7832  A.  The  features  at  7960  and  8000  A  are 
attributed  to  free  to  acceptor  and  donor -acceptor 
transitions,  respectively.  LO-phonon  replicas  of 
the  donor-acceptor  pair  transitions  are  also  visi¬ 
ble  at  lower  energies.  All  samples  exhibited  n-type 
conductivity  except  for  sample  A90-16  which  was 
insulating.  The  PL  spectra  agree  qualitatively  with 
electrical  measurements  performed  on  the  sam¬ 
ples.  For  example,  sample  A90-16,  which  appears 
to  be  the  most  compensated  also  has  the  lowest 
mobility  of  the  four  samples.  Nonradiative  defects 
may  be  the  cause  of  the  low  luminescence  inten¬ 
sity  for  sample  A90-16  as  well  as  its  insulating 
character. 


J.  3.  Hf’-hased  layer  characterization 

HgTe  layers  have  been  grown  and  characterized 
in-situ  by  RHEED  and  ex-situ  by  optical  mi¬ 
croscopy  and  the  Hall  effect.  Under  the  proper 
growth  conditions,  all  HgTe  layers  showed  no 
twinning  as  determined  by  RHEED.  The  layers 
were  specular  to  the  eye,  although  slight  surface 
texturing  was  ob.served  by  optical  microscopy. 


Fig.  4  shows  a  plot  of  Hall  mobility  versus 
temperature  for  two  HgTe  layers.  The  CBE  grown 
layer  has  a  peak  mobility  of  109.000  cmVV  •  s  at 
24  K.  This  layer  had  the  highest  mobility  of  the 
HgTe  layers  grown  and  compares  well  with  the 
highest  values  quoted  by  Feldman  et  al.  [7].  The 
MBE  grown  layer  had  a  peak  mobility  of  54,000 
cm’/V  •  s,  and  was  the  highest  mobility  obtained 
for  a  MBE  HgTe  layer  grown  in  the  system, 
although  no  efforts  were  made  to  optimize  the 
layers.  These  results  illustrate  the  benefits  of  pre¬ 
cise  flux  control  and  monomer  Te  for  growing 
high  mobility  HgTe  layers. 

HgCdTe  layers  have  also  been  grown  by  CBE. 
RHEED  analysis  confirmed  the  absence  of  twin¬ 
ning  for  layers  grown  under  the  proper  flux  and 
substrate  temperature  conditions.  Evaluations  of 
the  optical  and  electrical  properties  of  the  HgCdTe 
layers  indicate  that  .x-values  between  0.16  and 
0.22  have  been  grown.  For  the  best  samples  low- 
temperature  electron  concentrations  between  5  x 
lO'"*  and  1  X  10''  cm  '  have  been  obtained  with 
peak  mobility  values  as  high  as  3.2  x  10'  cm’/V  •  s. 
These  values  were  obtained  on  unannealed  sam¬ 
ples  and  are  very  competitive  with  published  MBE 
results  [8]. 
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Fig.  4.  Hall  mobilily  versus  temperature  for  two  HgTe  layers, 
one  grown  by  MBF  and  one  grown  by  CBF. 
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4.  Conclusions 

A  chemical  beam  epitaxy  system  has  been  con¬ 
structed  and  evaluated  for  the  growth  of  HgCdTe 
alloys.  The  system  comprises  direct  injection  flow- 
control.  high-temperature  gas  injectors  for  group 
II  and  group  VI  elements,  and  a  toxic  gas  pump¬ 
ing  system.  Efficient  thermal  cracking  of  diisopro- 
pyltelluride  to  form  monomer  Te  was  demon- 
.strated.  Using  this  system,  CdTe,  HgTe  and 
HgCdTe  layers  were  grown  and  characterized.  The 
results  presented  demonstrate  that  low  tempera¬ 
ture  grow  th  of  these  materials  can  be  achieved  by 
CBE  with  results  comparable  to  MBE. 
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Hpiiaxial  C'dTellOO)  layers  have  been  grown  on  SI(IOO)  by  conventional  molecular  beam  epitaxy  (MBE)  and  photo-assisted  MBF 
(PAMBH)  using  stacked  BaF;-C'aF;  as  a  buffer  layer.  Two-dimensional  (2D)  growth  of  BaF.(l(X))  is  obtained  using  a  twxvtempera- 
ture  growth  mcthixl.  In  conventional  MBF.  CdTe  grows  2D  for  substrate  temperatures  above  27()°C  with  a  2x1  surface 
reconstruction  indicating  a  Te-stabilized  surface.  In  P.AMBE,  2D  growth  of  C'dTe  is  obtained  at  lower  substrate  temperatures 
(  =  200°C')  with  1  X  1  RHF.F.D  patterns  indicating  that  Ai  laser  illumination  induces  Te  desorption.  PAMBF  grown  layers  have 
superior  structural  quality  than  layers  grown  by  conventional  MBF.  Sb  doped  C'dTe  layers  grown  by  P.AMBF  exhibit  a  2  x  2  surface 
reconstruction,  their  10  K  photoluminescence  spectra  show  a  single  domtnant  (.A",  X)  peak  at  1.5HS  eV.  and  resistivities  of  I0  ‘  U  cm 
are  measured. 


I.  Introduction 

Heteroepitaxial  grtjwth  of  CdTe  ha.s  received 
considerable  attention  for  many  optoelectronic  de¬ 
vices.  in  particular  for  applications  as  a  buffer 
layer  for  further  growth  of  CdHgTe  infrared 
sensors.  High  quality  CdTe  layers  have  been  grown 
by  MBE  on  sapphire,  InSb  and  GaAs.  However, 
much  less  work  ha.s  been  done  on  the  growth  of 
CdTe  on  Si.  which  is  technologically  a  more  im¬ 
portant  substrate.  CdTe  on  Si  would  allow  fabri¬ 
cation  of  monolithic  active  devices  with  the  .signal 
prixessing  performed  in  the  substrate. 

There  are  only  few  published  works  on  the 
epitaxial  growth  of  CdTe  on  Si  [1-5).  We  have 
reported  (6|  MBE  growth  of  gtxid  qualify  (III) 
oriented  CdTe  on  Si(lll)  and  recently  [7]  that  of 
CdTe(lOO)  on  Si(lOO)  by  using  BaF,  CaF;  as 


buffer  layers.  The  stacked  fluoride  buffer  helps  to 
overcome  the  large  (  =  19'?)  lattice  mismatch  be¬ 
tween  CdTe  and  .Si  and  relieves  mechanical  strain 
caused  by  thermal  expansion  mismatch  [8].  We 
have  also  u.sed  these  ll-a  fluorides  as  buffers  to 
grow  high  quality  epitaxial  IV  VI  based  narrow 
gap  .semiconductors  on  Si  and  have  fabricated 
infrared  .sen.sor  arrays  with  cut-off  wavelengths  up 
to  12  jam  [9],  Further,  using  a  lift-off  technique  for 
the  removal  of  CdTe  layers  from  Si.  we  have 
shown  the  possibility  of  making  thin  film  single 
crystal  CdTe  solar  cells  on  reu.sable  substrates 
[10], 

The  problem  of  substitutional  doping  in  CdTe 
caused  by  self-compen,sation  has  been  overcome 
by  using  a  photo-assisted  MBE  (PAMBE)  tech¬ 
nique  [11.12],  Here,  illumination  of  the  substrate 
by  an  Ar  la.ser  beam  during  MBE  growth  en- 
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hances  the  doping  efficiency.  However,  all  these 
works  were  confined  to  CdTe  layers  grown  on 
lattice  matched  substrates.  To  our  knowledge, 
there  is  no  report  on  the  doping  in  heteroepitaxial 
CdTe  grown  on  lattice  mismatched  substrates  (like 
Si)  using  PAMBE.  This  paper  presents  a  compara¬ 
tive  study  of  heteroepitaxial  CdTe(lOO)  grown  by 
conventional  MBE  and  PAMBE  on  Si(lOO)  with 
intermediate  fluoride  buffer  layers.  Results  on  Sb 
doping  of  CdTe  will  also  be  discussed. 


2.  Experimental  details 

The  MBE  growth  procedure  of  epitaxial  CaF,- 
BaF;(100)  on  Si(lOO)  has  been  described  elsewhere 
[H],  Briefly.  Si(lOO)  wafers  are  cleaned  using  a 
Shiraki  procedure  and  the  protective  oxide  is  re¬ 
moved  by  in-situ  annealing  at  =  900 °C  for  a  few 
minutes  just  before  starting  fluoride  growth.  The 
substrate  temperature  is  then  lowered  to  550  °C 
and  about  10  nm  CaF,  (0.6*1  lattice  mismatch 
with  Si  at  room  temperature)  is  deposited.  The 
RHEED  patterns  are  spotty  at  this  stage.  The 
BaF.  growth  is  then  started  without  interruption 
at  550  °C.  After  -  1(X)  nm  growth,  the  substrate 
temperature  is  raised  to  700  °C  and  the  initial 
spotty  RHEED  patterns  develop  in  to  streaks, 
indicating  2D  grow  th.  The  lattice  has  now  widened 
bv  14*7  to  the  higher  lattice  constant  value  of 
BaF..  but  is  still  4.5T  below  that  of  CdTe  [Sj. 

For  the  growth  of  CdTe  the  fluoride  covered  Si 
wafers  were  transferred  to  another  MBE  chamber 
without  breaking  the  vacuum.  The  substrate  tem¬ 
perature  was  varied  in  the  range  of  200  to  350 “C 
and  a  typical  growth  rate  was  0.2  nm/s.  The 
pressure  in  the  chamber  during  CdTe  growth  was 
below  10  "  mbar.  For  PAMBE  growth  of  CdTe. 
the  substrate  was  illuminated  with  an  Ar  ion  la.ser 
with  =  150  mW/cm'  power  density  at  the  sub¬ 
strate.  Photoluminescence  (PL)  measurements  at 
10  K  were  made  using  an  Oxford  Instruments 
continuous  flow  cryostat  and  a  double  grating 
spectrometer.  Ar  ion  laser  (514.5  nm)  was  used  as 
an  excitation  source.  Resistivity  was  measured 
using  Van  der  Pauw  technique  and  evaporated  Au 
on  CdTe  was  used  for  making  ohmic  contacts. 


3.  Results  and  discussion 

3.  L  Undoped  CdTe  layers 

For  CdTe  films  grown  without  Ar  laser  il¬ 
lumination  above  270  °C.  streaky  RHEED  pat¬ 
terns  are  observed  from  the  beginning  of  growth. 
The  streaks  become  more  intense  with  growing 
thickness.  Fig.  la  shows  the  RHEED  patterns  of  a 
=  1.3  Jim  thick  CdTe  layer  depiosited  at  300 "C. 
The  streaky  patterns  indicate  2D  growth  and  the 
sharp  Kikuchi  bands  illustrate  a  good  crystal  qual¬ 
ity.  Also  a  2  X  1  surface  reconstruction  is  observed 
which  has  been  attributed  to  a  Te-stabilized  surface 
[13].  For  the  films  deposited  at  lower  temperature 
(=  220°C),  spotty  RHEED  patterns  indicate 
3D  growth.  These  patterns  transform  to  streaks 
showing  a  2  X  1  reconstruction  when  annealed  at 
=  'tso°C  for  =  5  min. 

Remarkable  changes  in  the  RHEED  patterns 
occur  when  the  substrate  is  illuminated  with  the 
Ar  laser  beam.  The  2  x  1  surface  reconstruction 
transforms  to  1x1  when  the  sample  is  il¬ 
luminated.  This  indicates  that  laser  illumination 
induces  Te  desorption  [14).  For  PAMBE  grown 
CdTe.  streaky  RHEED  1  X  1  patterns  indicating 
2D  growth  are  obtained  down  to  substrate  tem¬ 
peratures  of  200 °C  (fig.  lb).  The  RHEED  pat¬ 
terns  of  PAMBE  grown  CdTe  are  sharper  and  the 
Kikuchi  bands  more  intense  compared  to  layers 
grown  without  illumination. 

Layers  grown  by  both  MBE  and  PAMBE  are 
crack-free  and  have  specular  surfaces.  However, 
scanning  electron  micro.seopy  reveals  a  smoother 
surface  morphology  and  sharper  electron  channell¬ 
ing  patterns  for  PAMBE  layers.  X-ray  rocking 
curve  widths  of  PAMBE  grown  CdTe  are  always 
smaller  as  compared  to  conventional  MBE  grown 
layers,  but  still  as  high  as  580  arc  sec  (for  5  jam 
thick  layers)  due  to  some  mosaicity.  in  contrast, 
much  lower  rocking  curve  values  -  200  arc  sec 
were  obtained  for  (111)  oriented  CdTe  on  BaF2- 
CaF./Si(l  11)  (6,7).  We  expect  that  CdTe(100)  with 
smaller  X-ray  rocking  curve  widths  can  he  ob¬ 
tained  using  misoriented  Si  substrates,  by  increas¬ 
ing  the  thickness  of  CdTe,  and  optimizing  deposi¬ 
tion  parameters.  A  detailed  comparative  study  of 
structure  and  morphology  of  conventional  MBE 
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I  * 


(b) 


Fig  1  15  kfV  RHFF.D  pattern  of  CilTe(lOO)  on  BaF, -CaF;/Si(  100):  (a)  MBE  growth  without  Ar  laser  illumination.  2x1 
Te-stahilired  surface  reconstruction;  (b)  pholoas.siied  growth  (P.AMBE).  1  XI  reconstruction.  The  electron  beam  is  along  the  |001] 

(left)  and  (01  !|  (right)  direction. 


and  PAMBE  grown  CdTe  epilayers  will  be  pub¬ 
lished  elsewhere. 

The  photoluminescence  spectra  of  P.AMBE  and 
conventional  MBE  grown  CdTe  are  significantly 
different.  Fig.  2  shows  the  10  K  PL  spectra  of  5 
pm  thick  layers  deposited  at  300 °C.  The  spec¬ 
trum  for  conventional  MBE  grown  CdTe  shows  a 
peak  due  to  combination  of  bound  excitonic  (BE) 
transitions  which  are  not  well  resolved.  On  the  low 
energy  side,  an  intense  broad  band  centered 
around  1.47  eV  and  originating  from  crystalline 
defects  [15.16]  is  observed.  The  full  width  at  half 
maximum  (FWHM)  value  of  the  BE  peak  is  7 
meV.  The  spectrum  of  PAMBE  grown  CdTe  shows 
well  resolved  peaks  at  1.590  and  1.583  eV  in  the 
excitonic  region  and  a  doublet  band  with  peaks  at 


1.546  and  1.541  eV.  The  native  defect  related  band 
at  1.463  eV  has  a  low  intensity.  The  (D'’.  X)  peak 
at  1.590  eV  with  5.3  meV  FWHM  has  been  as- 
.signed  to  excitons  bound  to  shallow  donors  and 
the  (A".  X)  peak  at  1.583  eV  is  due  to  recombina¬ 
tion  of  acceptor  bound  excitons  [11.16.17].  The 
doublet  band  at  about  1.54  eV  is  due  to  recombi¬ 
nation  of  an  electron  bound  on  a  donor  with  a 
hole  bound  on  a  acceptor  (DAP)  with  pairing 
effects  [17]. 

The  PL  measurements  clearly  show  that 
PAMBE  grown  layers  are  of  superior  quality,  con¬ 
sistent  with  our  other  structural  mea.surements. 
Similar  changes  in  the  PL  spectra  have  been  ob¬ 
served  for  homevepitaxial  CdTe  layers  grown  by 
conventional  and  photo-assisted  MBE  [11.12]. 
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Energy  (eV) 

Fig.  2.  HI  K  photoluminesc<!in.e  i>pecira  of  MBF.  and  PAMBE 
grown  undopcd  CdTeflOO)  on  BaF;-C'aF;,  Si(  100).  The  5  /rm 
thick  layers  were  deposited  at  .h)0“C'. 


}.2  Sb  doped  CdTe 

The  PAMBE  technique  has  been  successfully 
used  for  p-  and  n-type  doping  of  homoepila.xial 
CdTe  layers  [11.12].  However,  we  were  not  able  to 
reproduce  the  high  doping  activations  reported  in 
these  works  in  our  lattice  mismatched  heteroepi- 
taxial  CdTe  layers.  For  the  doping  experiments, 
first  about  1.5  /am  thick  undoped  CdTe  was  de- 


10K  PL  of  Sb  doped  CdTe  (100)  on  (Ba.Ca)  F,/5i 
Phofo-assisfed  MBE 

(A°  X)  I 


’aO  1f/:>  IbO  Ibb  (bC 

Energy  (eV) 


Fig.  4.  10  K  photoluminescence  spectrum  of  a  3.5  /rm  thick 
PAMBE  grown  Sb  doped  CdTetlOO)  on  BaF;-CaF>/Si(100). 
The  )A".  X)  peak  is  dominant.  The  resistivity  of  the  p-tvpc 
layer  is  =  lO’  fi  cm. 


posited  on  BaF^-CaFs/SiflOO)  at  300 °C  with  laser 
illumination.  As  described  above,  streaky  1  x  1 
RHEED  patterns  are  ob.served.  Sb-doped  CdTe 
layers  were  subsequently  grown  at  an  optimum 
substrate  temperature  of  260  °C  and  an  Sb  cell 
temperature  of  400 °C.  With  the  Sb  shutter  open, 
half  order  streaks  in  the  RHEED  patterns  appear 
as  shown  in  fig.  3;  the  surface  reconstruction 
changes  to  2  x  2.  Such  a  2  X  2  reconstruction  has 
already  been  observed  in  homoepitaxial  CdTe. 
and  it  was  suggested  that  the  laser  illumination 


f  ig.  .)  15  kV  RHEED  pattern  of  PAMBE  grown  Sb  doped  CdTe  layer  showing  a  2x2  surface  reconstruction.  Electron  beam  parallel 
fflOl !  (left)  and  (01 1 1  (right)  direction.  ,Sb  effu.sion  cell  and  .sub.strate  temperatures  were  400  and  260 "C,  re.speclively. 


734 


A.S.  Tiwari  e[  al.  /  Heterttepitaxy  of  CJTetlOOf  on  SiflOO)  using  BaF^-CaF^iiOO)  buffet 


causes  Te  desorption  and  Sb  gets  incorporated 
into  the  Te  vacancy  sites  [14], 

The  PL  spectrum  of  a  3.5  /rm  thick  Sb  doped 
CdTe  layer  is  shown  in  fig.  4.  A  strong  lumines¬ 
cence  peak  with  2.3  meV  FWHM  value  is  ob¬ 
served  at  1.588  eV  and  is  assigned  to  an  exciton 
bound  to  a  neutral  acceptor  (A”,  X).  Its  phonon 
replica,  (A**,  X)-l  LO  is  observed  at  1.566  eV.  On 
the  high  energy  side  of  the  dominant  peak  a  well 
resolved  shoulder  at  1.593  eV  and  a  small  peak  at 
1.597  eV  are  also  present.  Bicknell  et  al.  [11,18] 
have  obtained  (A“,  X)  and  its  replica  at  1.5896  and 
1.5687  eV,  respectively,  in  1.6  K  PL  spectra  of 
heavily  doped  CdTe :  Sb  on  CdTe  substrates.  On 
the  high  energy  side  they  observed  peaks  at  1.5950 
and  1.597  eV.  Our  values  are  about  2  meV  higher. 
The  (A".  X)  transition  is  due  to  the  acceptor  level 
introduced  by  Sb  and  the  peaks  at  1.593  and  1.597 
eV  are  due  to  the  excited  states  of  the  e.xcitons 
bound  to  the  (A".  X)  level  [18].  We  do  not  observe 
any  DAP  or  native  defect  related  deep  level 
luminescence. 

The  resistivity  of  our  layers  decreases  from 
=  10'’  Q  cm  for  undoped  CdTe  to  »  10  '  Q  cm  for 
p-type  CdTe:Sb  layers.  Lower  resistivities,  previ¬ 
ously  reported  for  CdTe  grown  on  lattice  matched 
substrates  (11.1 8].  were  not  obtained.  Larger  Sb 
flux  or  lower  substrate  temperature  yielded  poor 
RHEED  patterns  indicating  segregation  or  poly¬ 
crystalline  growth  in  these  experiments. 


4.  Conclusions 

According  to  the  structural  and  photolumines¬ 
cence  data  pre.sented,  illumination  of  the  substrate 
with  an  .'\r  la.ser  beam  improves  the  quality  of 
CdTe  layers  on  fluoride  covered  Si-substrates  and 
allows  2D  growth  at  even  lower  substrate  temper¬ 
atures  than  conventional  MBE.  The  different 
surface  reconstructions  ob.served  with  and  without 
laser  beam  or  Sb  flux  agree  with  the  results  re¬ 
ported  for  homoepitaxial  growth.  Ar  laser  il¬ 
lumination.  which  provides  low  energy  photons, 
influences  surface  reconstructions  which  have  low 
activation  energies.  However,  we  found  that  X-ray 
line  widths  remain  still  much  larger  compared  to 
homtiepitaxial  growth,  and  dopant  activation  is 


much  less  pronounced  in  our  case.  The  lowest 
resistivities  we  achieved  are  three  orders  of  magni¬ 
tude  higher  than  in  Sb  doped  CdTe  homoepitaxial 
layers.  Thus,  a  convincing  explanation  why  self¬ 
compensation  can  be  suppressed  drastically  by 
PAMBE  for  lattice  matched  epitaxy  only  and  not 
for  mismatched  heteroepitaxy  must  take  into 
account  the  difference  in  structural  qualities  of 
CdTe  layers  achieved  with  homoepitaxy  and  lattice 
mismatched  heteroepitaxy. 
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lCdTe),„(ZnTe).^-ZnTe  multjquantum  well  structure  has  been  proposed  and  grown  on  (OOl)GaAs  substrate  bv  atomic  laser 
epiia\>.  Growth  has  been  insesiigaicd  using  reflection  high  energy  electron  diffraction.  Material  characien/ations  have  been 
performed  b\  X-rav  diffraction  and  photoluminescence.  With  this  structure,  great  improvements  have  been  made  in  crystalline 
qualiiN  compared  with  C'dTe-ZnTe  multiquantum  wells,  due  to  the  reduction  of  misfit  disliKaiions. 


1.  Introduction 

Thf  multilayers  of  II  VI  wide-gap  compound 
semiconductors  are  of  current  interest  for  their 
potential  applications  in  short  \savelength  opto¬ 
electronic  devices.  CdTe-ZnTe  svstem  belongs  to 
this  category.  CdTe-ZnTe  multilayers  possess  di¬ 
rect  hand  gap  and  the  hand  gap  can  be  tailored 
from  1.6  to  2.2  eV  by  varying  the  thicknesses  of 
the  CdTe  and  ZnTe  layers.  Selective  acceptor  dop¬ 
ing  of  ZnTe  and  donor  dc'ping  of  CdTe  have  been 
achieved  successfully  [1.2],  indicating  the  possibil- 
it\  of  fabricating  p  n  junction  in  the  CdTe  ZnTe 
system.  These  characteristics  make  it  promising 
for  the  applications  of  light  emitter  and  detector 
desiccs.  But  the  large  lattice  constant  mismatch 
(6.4T)  between  CdTe  and  ZnTe  makes  it  verv 
difficult  to  grow  a  CdTe-ZnTe  system  of  high 
quality  because  of  the  easy  relaxation  of  mis¬ 
match-strain  through  misfit  dislocation  genera¬ 
tion.  It  was  reported  [.^|  that  the  critical  thickness 
of  CdTe,  ZnTe  epitaxy  was  only  several  mono- 
layers  at  the  MBH  growth  temperature.  Although 
It  is  thought  that  strained  multilayers  can  be  grown 
perfectly  with  the  thickness  of  individual  layers 
being  restricted  to  below  their  critical  value,  the 
realization  of  ultrathin-layer-control  and  mean¬ 
while  achieving  periodical  coherence  within  the 
device-needed  thickness  are  not  easy  using  the 
conventional  growth  techniques.  Molecular  beam 
epitaxy  (MBK)  [4]  and  rrrganometallic  vapor  phase 


epitaxy  [5]  have  been  applied  to  prepare  CdTe 
ZnTe  multilayer  structures,  but  the  crystalline  qu¬ 
ality  has  not  met.  at  the  pre.sent  stage,  the  needs  of 
device  applications.  CdZnTe-CdTe  and  CdZnTe 
ZnTe  systems  base  been  proposed  for  obtaining 
relatively  well-matched  lattice  constants  between 
contacted  layers,  but  the  growth  of  CdZnTe  allov 
is  now  far  from  optimized  in  the  whole  composi¬ 
tion  range  |6J. 

Here,  we  report  a  novel  structure  grown  by 
atomic  layer  epitaxy  (ALL)  technique  for  reduc¬ 
tion  of  mismatch-induced  dislocations  in  the 
CdTe  ZnTe  system  without  introducing  CdZnTe 
alloy.  Ultrashort  period  (CdTe),„(ZnTe)„  super¬ 
lattices  were  confined  to  ZnTe  harriers  to  form 
(CdTe),„(ZnTc),,  ZnTe  multiquantum  wells 
(MQWs).  ALL  technique  is  superior  in  growing 
ullrathin  epilayers  under  precise  control.  Taking 
the  advantages  of  the  ALL  technique,  we  con¬ 
trolled  the  thickness  of  individual  layers  of  super- 
lattices  in  quantum  wells  thinner  than  the  critical 
value  and  adjusted  the  thickness  ratio  of  CdTe  to 
ZnTe  to  obtain  “lattice  constants”  in  potential 
wells  ckiser  to  that  of  ZnTe  barriers. 

2.  Material  growth 

The  sample  growth  were  carried  out  in  a 
Shenyang  .Scientific  Instrument  FW-lIl  MBH 
machine  equipped  with  a  computer-controlled 
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shutter  system.  (CclTe)„,(ZnTe)„-ZnTe  MQWs 
were  deposited  on  (001)ZnTe/(001  )GaAs  hybrid 
substrates,  where  (001  )ZnTe  is  a  buffer  layer  grown 
by  MBE.  Details  of  (OOl)GaAs  substrate  surface 
preparation  were  previously  described  elsewhere 
[7],  Three  effusion  cells  containing  elemental  Cd, 
Zn  and  Te  .separately  were  employed  fr>r  MRE 
grow  th  of  ZnTe  buffer  layers  and  subsequent  ALE 
growth  of  MQW  structures.  The  substrate  temper- 
a'ure  for  ALE  growth  was  230-2'^0°C,  and  .310- 
340°  C  for  the  ZnTe  buffer  layer  growth.  During 
.■\LE  growth  of  CdTe  or  ZnTe.  the  shutters  of  the 
two  constituent  elemental  sources  were  opened 
alternatively  with  an  interval  of  2  s.  In  CdTe 
growth,  considering  that  the  sticking  coefficient  of 
Cd  on  the  Te  surface  is  smaller  than  that  of  Te  on 
the  Cd  surface,  the  Cd  and  Te  source  shutters 
were  opened  for  10  and  6  s  separately  in  a  growth 
cycle.  The  beam  flux  intensities  were  adjusted  to 
deposit  about  .30  monolayers  of  Cd  and  4  mono- 
layers  of  Te  within  each  opening  time  assuming  no 
re-evaporation.  By  the  same  consideration,  in  ZnTe 
growth  the  opening  times  of  the  Zn  and  Te  source 
shutters  were  7  and  6  s  separately  prsrducing  about 
15  monolayers  of  Zn  and  4  monolayers  of  Te. 

There  exists  a  large  lattice  mismatch  (7.6*7) 
between  GaAs  and  ZnTe.  which  introduces  misfit 
dislocations  at  the  film  substrate  interface.  In 
order  to  reduce  the  effects  of  these  dislocations  on 
the  quality  of  the  MQWs,  a  (OOl)ZnTe  buffer 
laser  of  0.5  to  1  fim  was  first  deposited  b\  MBE. 
lo  achieve  an  atomically  flat  suiface  for  subse¬ 
quent  ALE  grow  th,  reflection  high  energy  electron 
diffraction  (RE'EED)  was  used  to  investigate  the 
grow  th  conditions.  It  was  found  that  the  Zn-to-Te. 
flux  ratio  R  =  P/„/P]^  influenced  the  smr>olhness 
of  growth  surface,  where  P/„  and  P,^.  are  the 
s.ipor  pressures  of  Zn  and  Te.  flux,  respectivelv. 
measured  at  the  sample  position.  Immediatelv  as 
the  growth  (under  /(  =  1 )  of  ZnTe  started,  the 
initially  streaked  RULED  pattern  became  spotty, 
indicating  a  rough  surface.  Large  lattice  constant 
mismatch  between  ZnTe  and  CiaAs  caused  three- 
dimensional  growth.  Lnless  Te-rich  growth  condi¬ 
tions  were  employed,  the  three-dimensional  growth 
would  persist.  Dnce  a  smooth  surface  was  achieved, 
two-dimensional  growth  could  occur  under  Zn-rich 
conditions.  The  maximum  R  under  which  two-di¬ 


7.!7 

mensional  growth  could  be  maintained  is  closely 
dependent  on  the  extent  of  surface  smoothness. 
For  the  .smoothest  surface  in  our  experiments, 
two-dimensional  growth  could  occur  even  for  R  = 
6.  For  R  =  1.2.  both  (2x1)  and  c(2  x  2)  surface 
recon.structions  were  observed  implying  coexis¬ 
tence  of  Zn-terminated  and  Te-terminated  sur¬ 
faces.  In  our  experiments,  a  ratio  of  R  =  0.8  was 
u.sed  in  the  initial  stage  of  ZnTe  growth.  After  the 
front  surface  became  smooth.  R  was  increa.sed 
and  grow  th  proceeded  under  Zn-rich  conditions  in 
or  er  to  reduce  the  density  of  the  Zn-vacancy  in 
the  ZnTe  buffer  layer  [8). 

While  ALE  growing,  the  RHEED  patterns  ex¬ 
hibited  well-defined  streaks.  It  was  clearly  ob¬ 
served  that  Cd-  and  Zn-covered  surfaces  showed 
c(2  X  2)  reconstruction  and  Te-covered  surfaces 
showed  (2x1)  reconstruction,  with  no  sign  of 
mixture  of  c(2  x  2)  and  (2x1)  reconstructed  sur¬ 
face.  ALE  stepwise  growth  led  i<i  a  variation  of 
surface  reconstructions  from  c(2  x  2)  to  (2  x  1 ). 
and  vice  versa. 

In  the  growth  of  (CdTe),„(ZnTe)„  short  period 
superlattices  on  ZnTe  harriers,  it  was  observed 
that  the  RHEED  streaks  became  broad  and  weak 
when  the  epitaxial  thickness  exceeded  a  certain 
value.  The  onset  of  RHEED  pattern  degradation 
corresponded  to  the  critical  thickness.  This  means 
that  the  critical  thickness  of  epitaxy  of  the  super- 
lafwe  on  ZnTe  could  also  be  determined  by  Yao's 
method  j9].  To  avoid  misfit  strain  relaxation,  it  is 
absolutely  nccessarv  to  investigate  critical  thick¬ 
nesses  of  epitaxx  ■  *  iC'dTe),„(ZnTe)„  superlattices 
on  ZnTe. 


3.  Characterization 

.A  series  of  (C‘dTe),„(ZnTe)„  ZnTe  MQW  sam¬ 
ples.  which  have  different  average  superlattice 
constants  in  the  potential  wells  and  different 
well-widths,  were  prepared  by  .ALE.  Characteriza¬ 
tion  bv  X-ray  diffraction  using  Cu-Ka  (4(X))  Bragg 
reflection  and  photoluminescence  using  i  cw  argon 
la.ser  as  a  pump  source  were  performed.  Sample 
No.  SL-27  with  a  designed  structure  of  {[(CdTe). 
(ZnTe)^]  z  1  (ZnTc)\(||  I  "K  IS  sho^ n  hcic  jis  iin 
cxaiTipic.  A  schematic  demonstMtion  (7f  this  slruc- 
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Fig.  1  8  28  X-ray  diffraction  scan  from  No.  SL-27.  showing 
(4(K))-like  satellite  peaks.  The  inset  is  a  schematic  demonstra¬ 
tion  of  present  structure  in  energy  gap. 


fare  is  given  in  the  inset  of  fig.  1.  An  X-ray 
diffraction  .scan  of  No.  SL-27  around  the  (400) 
Bragg  diffraction  of  bulk  ZnTe  is  also  shown  in 
fig.  1.  The  measurements  was  carried  out  in  a 
6/26  arrangement.  The  spec'mm  shows  the 
(400)-like  superlattice  peaks  originated  from 
coherent  scattering  of  MQW  periods.  The  thick¬ 
ness  of  each  period  was  derived  from  the  inter¬ 
spacing  of  satellite  peaks.  The  measured  period 
thickness  is  about  half  of  the  value  calculated 
according  to  the  growth  design,  assuming  that  two 
monolayers,  i.e..  1/2  lattice  constant  thickness 
was  produced  in  each  growth  cycle.  In  fig.  1.  the 
position  of  the  envelope,  which  slowly  modulates 
the  superlattice  peaks  in  amplitude  on  the  lower 
angle  side  of  the  ZnTe  (400)  Bragg  peak,  corre¬ 
sponds  to  the  average  lattice  constant  of  .super¬ 
lattice  in  the  quantum  wells  according  to  Bragg’s 
law.  The  position  of  this  envelope  is  much  closer 
to  the  ZnTe  (400)  Bragg  peak  than  that  of  CdTe- 
ZnTe  MQWs  (7).  This  means  that  the  lattice  con¬ 
stant  of  the  quantum  wells  matches  better  with 
ZnTe  barriers  than  that  of  CdTe  potential  wells 
does.  In  addition.  Ka,  and  Ka,  peaks  were  clearly 
separated  in  the  spectrum  indicating  very  sharp 
superlattice  peaks.  This  attests  to  a  high  structural 
quality  in  terms  of  high  degree  of  periodical 
coherence  and  crystalline  perfection  in  the  indi¬ 
vidual  layers. 

The  curve  denoted  by  (1)  in  fig.  2  shows  the 
photoluminescence  spectrum  at  90  K  from  the 
same  sample.  The  linewidth  of  the  luminescence 


peak  is  14  meV  which  is  much  smaller  than  the 
reported  values,  measured  at  5  K.  of  MBE  grown 
CdTe-ZnTe  superlattices  [10,11].  The  lumines¬ 
cence  spectrum  has  a  single  intense  exciton  peak. 
Defect-related  transitions  which  should  appear  on 
the  lower  energy  side  of  the  exciton  peak  [12]  can 
not  be  detected  within  the  detector  limit  under  the 
used  pump  condition  (<  5  mW).  Despite  the  ef¬ 
fective  luminescence  thickness  of  our  sample  is 
very  thin,  intense  light  emission  was  observed 
under  the  weak  pump  condition.  The  high 
luminescence  efficiency  is  mainly  attributed  to 
carrier  confinement  in  quantum  wells  [13]  and 
also  due  to  high  structural  perfection  because 
high-density  defects  provide  strong  nonradiative 
decay  channels  [14].  Up  to  here,  it  is  obvious  that 
great  improvement  has  been  made  in  crystalline 
quality  by  using  the  proposed  structure  and  ALE 
technique. 

As  a  contrast,  we  show  a  CdTe-ZnTe  MQW 
grown  by  ALE  under  the  previously  used  growth 
conditions  with  a  designed  structure;  [(CdTe),j,- 
(ZnTe)fch]  X  10.  Its  characterization  results  of  X- 
ray  diffraction  and  photolumine.scence  are  shown 
by  fig.  3  and  curve  (2)  of  fig.  2.  respectively. 
Comparing  fig.  3  with  fig.  1.  more  satellite  peaks 
are  obvious  but  the  Ka,  and  Ko;  peaks  are  not 
resolved.  The  appearance  of  more  .satellite  peaks  is 
mainly  due  to  narrower  quantum  wells  and  larger 
lattice  mismatch  between  the  quantum  wells  and 
barriers.  Because  the  width  and  lattice  constant  of 
the  wells  determine  the  linewidth  and  the  position 
of  the  400-like  envelope  of  satellite  peaks  beside 
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Fig.  2.  Photoluminescence  spectrum  from  No.  SL-27  (1)  and 
No.  S[--23{2)at‘)OK. 
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ZnTe  400  Bragg  peak.  For  narrower  wells  and 
larger  barrier-well  lattice  mismatch,  more  satellite 
peaks  would  appear  at  the  angle  position  farther 
apart  from  the  ZnTe  400  Bragg  peak.  Fig.  3  does 
not  resolve  Ka,  and  Ka,  peaks,  attesting  to  poor 
crystalline  quality.  To  this,  fig.  3  also  gives  further 
evidence.  The  curve  in  dashed  line  is  a  calculation 
in  the  kinematical  approximation  for  the  un¬ 
strained  case.  The  theoretical  curve  is  in  good 
agreement  with  the  experimental  one,  indicating 
that  the  mismatch  strain  is  completely  relaxed. 
Therefore,  a  large  number  of  misfit  dislocations 
exist  in  the  individual  layers.  In  addition,  the 
linewidth  of  photoluminescence  peak  (2),  which  is 
106  meV,  is  much  larger  than  that  of  peak  (1)  in 
fig.  2.  This  is  in  agreement  with  the  result  of  X-ray 
diffraction  measurement. 

For  the  investigation  of  strain  relaxations  in  the 
CdTe-ZnTe  system  and  for  further  confirmation 
of  the  advantages  of  the  (CdTe)„(ZnTe)„-ZnTe 
MQW  structure,  a  sample  which  has  a  disigned 
structure  of  [(CdTe)4-(ZnTe)(,^,]  X  4  +  ((CdTe)^- 
(ZnTe)(,ol  X  3  +  [(CdTe),;-(ZnTe)ft„]  x  2  was  pre¬ 
pared  by  ALE.  Its  photolumine.scence  result  is 
shown  in  fig.  4.  The  three  peaks,  denoted  by  (1), 
(2)  and  (3).  have  linewidths  14.  -  41  and  -  50 
meV'.  respectively,  and  correspond  to  the  three 
quantum  well  groups  pos.sessing  different  CdTe 
well  widths.  Corresponding  to  the  narrowest  peak. 
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Fig  3  B/2B  X-ray  diffraction  scan  from  No  SI.-23  Also 
shown  in  dashed  line  is  a  spectrum  calculated  in  the  kinemati¬ 
cal  approximation  f  ^r  the  unstrained  case 
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Fig.  4.  Phololuminesccnce  spectrum  from  No.  SL-29  at  90  K. 


the  CdTe  wells  have  a  width  below  the  critical 
thickness  and  the  lattice  constant  mismatch  is 
completely  accommodated  by  elastic  strain.  The 
abrupt  broadening  of  the  other  two  peaks  is  due 
to  strain  relaxation  through  dislocation  genera¬ 
tion.  Although  sample  No.  SL-27  has  much  wider 
quantum  well.s,  its  linewidth  of  the  photolumine.s¬ 
cence  peak  is  comparable  with  that  of  peak  (1). 
This  fact  suggests  that  with  (CdTe)„,(ZnTe)„- 
ZnTe  structure,  misfit  dislocations  induced  by 
lattice  constant  mismatch  between  quantum  wells 
and  barriers  were  largely  reduced  in  No.  SL-27.  In 
addition,  it  should  be  pointed  out  that  the  14  meV 
linewidth  of  peak  (1)  indicates  a  very  high  degree 
of  interface  abruptne.ss  and  periodical  coherence, 
because  even  for  wider  CdTe  wells,  only  one 
monolayer  thickness  fluctuation  in  quantum  wells 
could  cau.se  30  meV  energy  variation  in  the  band 
gap  [15]  due  to  the  heavy  strain  and  strong  carrier 
confinement.  Here,  the  advantages  of  ALE  are 
shown  in  the  growth  of  heavily  strained  and  ultra- 
thin  multilayer  structures. 

We  have  shown  our  success  in  improving  the 
crystalline  quality  with  the  (CdTe)„,(ZnTe)„-ZnTe 
MQW  structure.  We  believe  that  better  quality 
could  be  achieved  by  optimizing  the  ALE  growth 
conditions.  For  the  purpose  of  providing  reference 
for  the  structure  design,  the  onset  of  mismatch- 
strain  relaxation  in  the  epitaxy  of  (CdTe)„,(ZnTe)„ 
superlattices  on  bulk  ZnTe  should  be  investigated 
in  detail. 
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4.  Conclusion 

A  CdTe-ZnTe  multilayer  system  was,  for  the 
first  time,  grown  by  ALE  technique.  The  (CdTe)„, 
(ZnTe)„-ZnTe  MQW  structure  has  been  proposed 
and  successfully  produced  on  (OOl)GaAs  sub¬ 
strate.  Growth  has  been  investigated  using 
RHEED.  Material  characterizations  have  been 
performed  by  X-ray  diffraction  and  photolumine.s- 
cence.  Taking  the  advantages  of  the  ALE  tech¬ 
nique.  the  lattice  constant  mismatch  between  the 
quantum  wells  and  barriers  was  designed  by  con¬ 
trolling  the  average  lattice  constant  of  the  ultra- 
short  period  superlattice  in  the  quantum  wells 
through  adjusting  the  layer  thickne.ss  ratio  of  CdTe 
to  ZnTe.  Proper  design  of  the  mismatch  and  the 
width  of  quantum  wells  could  prevent  the  cK'Cur- 
rence  of  mismatch-strain  relaxation.  In  contrast 
with  CdTe-ZnTe  MQWs  and  superlattices.  the 
(CdTe)„,(ZnTe)„-ZnTe  structure  has  great  ad¬ 
vantage  in  achieving  high  crystalline  quality,  due 
to  large  reduction  of  misfit  dislocations.  In  ad¬ 
dition.  it  was  found  that  the  ALE  technique  is 
superior  in  the  growth  of  heavily  strained  and 
ultra-thin  period  multilayers. 
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Surface  stoichiometry  effects  on  ZnSe/GaAs  heteroepitaxy 
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and  H.H.  Farrell 

Belicnre,  Sewman  Springs  Road.  Red  Bank.  Sew  Jersey  L  S.4 


We  dewnhc  a  .simple  mcxlei.  based  tin  etiunting  tif  valence  electrons  at  the  interface,  which  can  predict  the  surface  reconstructions 
which  provide  optimal  heteroepitaxial  growth.  Vertical  phottKurrent  measurements  on  a  series  of  ZnSe  /CiaAs  heterostructures  grown 
h>  molecular  heam  epitaxv,  using  various  (ia.As  surface  reconstructions,  support  the  model  predictions  that  surfaces  which  provide 
nearlv  equal  number  of  the  constituent  atoms  for  interface  bonds  produce  the  highest  quality  interfaces. 


1.  Introduction 

111  the  pa.si  .several  years  the  pii.ssibiliiy  of 
fabricating  heterostructures  combining  11 -VI  and 
111- V  semiconductors  has  been  actively  pursued 
in  several  laboratories  (1  4].  In  particular,  recent 
reports  demonstrate  novel  devices  for  which  the 
II  VI/ 111  V  heterointerface  is  a  critical  part  of 
the  device  (5  7|.  This  differs  from  the  more  usual 
situation  in  which  a  111  V  substrate  is  used  for  the 
growth  of  a  II  VI  buffer  layer  in  that,  for  these 
new  structures,  the  quality  of  the  heterointerface  is 
x)f  utmost  importance,  not  only  from  a  structural 
and  crystalline  point  of  view,  but  also  from  an 
optical  and  electronic  transport  perspective.  In 
these  recent  results,  the  key  has  been  in  the  pre¬ 
paration  of  the  111  V  surface  prior  to  II  VI  growth 
[6.7).  confirming  earlier  predictions  [2|, 

In  this  study,  we  de.scribe  a  method  for  predic¬ 
ting  the  surface  structures  which  provide  the  most 
favorable  conditions  for  the  ideal  interface  forma¬ 
tion.  The  method  is  based  on  a  principle  of  elec¬ 
tronic  balance  at  the  II  VI/  III  V  interface  [SJ.  It 
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depends  on  the  .same  formulation  of  electrostatics 
for  polar  interfaces  proposed  by  Harrison  et  al. 
j9).  and  provides  a  simple,  intuitive  approach  based 
on  valence  electron  counting  at  the  interface.  To 
support  our  model  we  have  grown  a  set  of 
ZnSe/GaAs  heterostructures.  using  a  dual  cham¬ 
ber  molecular  beam  epitaxy  (MBK)  system,  with 
various  Ga.As  surface  reconstructions  on  which 
the  ZnSe  layer  was  grown.  We  performed  mea¬ 
surements  of  vertical  photoeurrent  which  reflect 
the  ZnSe/GaAs  interface  quality  in  these  heterev 
structures.  These  results  support  the  model  predic¬ 
tion  that  GaAs  surfaces  which  expose  equal  num¬ 
ber  of  the  two  constituent  atoms,  Ga  and  As, 
provide  the  most  favorable  surfaces  for  ZnSe  epi¬ 
taxy  18).  These  surfaces  produce  electronically  bal¬ 
anced  interfaces  with  no  excess  charge,  and  there¬ 
fore  minimal  densities  of  interface  states.  These 
observations,  although  derived  from  measure¬ 
ments  on  the  specific  case  of  ZnSe/GaAs  are 
applicable  in  general  to  other  ll  VI/ 111  V  sys¬ 
tems,  Our  results  indicate  that,  although  under 
some  experimental  conditions  the  formation  of  a 
non-optimal  separate  pha.se  (e.g..  GavSe,)  be¬ 
tween  the  GaAs  and  the  ZnSe  may  be  forced  to 
occur,  as  has  been  proposed  [10.1 1|.  ideal  inter¬ 
faces  which  are  abrupt  and  stable  can  be  formed 
without  a  need  to  invoke  these  interfacial  layers 
and  without  anv  evidence  for  their  formation. 
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2.  The  electron  counting  method 

In  the  bulk,  the  stability  of  both  diamond  and 
zinc-blende  structure  semiconductors  rests  on  the 
fact  that  the  individual  atoms  are  tetrahedrally 
bonded  with  two  electrons  per  bond.  For  diamond 
structure  semiconductors,  e.g..  Si  or  Ge,  this  situa¬ 
tion  is  achieved  in  an  almost  trivial  fashion  as 
each  atom  has  four  valence  electrons  distributed 
among  the  four  bonding  orbitals.  Therefore  each 
bond  has  the  optimal  configuration  of  a  total  of 
two  electrons:  one  from  each  of  the  two  atoms 
that  it  connects. 

In  the  zinc-blende  compound  .semiconductors 
(e.g..  GaAs  or  ZnSe),  this  requirement  is  also 
satisfied  as  the  cation  contributes  more  than  one 
electron  and  the  anion  less  than  one  electron  for  a 
net  occupancy  of  two.  For  example,  in  III-V 
compounds,  each  bonding  orbital  contains,  on  the 
average.  3/4  of  an  electron  from  the  group  III 
atom  and  5/4  of  an  electron  from  the  group  V 
atom. 

In  the  ca.se  of  Il-Vl/IIl-V  heteroepitaxy,  we 
first  consider  the  hypothetical  situation  of  an  un¬ 
reconstructed  interface.  This  involves  abutting,  for 
example,  a  completely  As  terminated  GaAs  surface 
to  a  Zn  terminated  ZnSe  surface.  As  Za  contrib¬ 
utes  2/4  of  an  electron  and  As  5/4  of  an  electron 
to  each  bonding  orbital,  there  will  be  a  charge 
deficit  of  1/4  of  an  electron  per  bond  (7/4  =  2- 
1/4).  resulting  in  a  deficit  of  1/2  of  an  electron 
per  atomic  site.  The  opposite  situation  obtains  for 
the  abutment  of  Ga  terminated  and  Se  terminated 
surfaces,  where  there  will  be  an  excess  of  1/2  of 
an  electron  per  site.  This  excess  or  deficit  cannot 
remain  localized  at  the  interface,  thus  charge  will 
flow  either  in  or  out  of  the  mterface  region.  This 
will  result  in  a  loss  of  local  charge  neutrality  and 
formation  of  interface  states,  which,  in  turn,  will 
prixiuce  band  bending  and  very  high  electric  fields 
at  the  interface.  In  order  to  reduce  these  high 
electrostatic  fields,  compen.satory  processes  .such 
as  electron  field  enhanced  diffusion  or  desorption 
are  expected  to  isccur.  which  may  de.stroy  the 
ideal,  planar  nature  of  the  interface  |12). 

The  solution  to  the  electronic  imbalance  at  the 
mterface  is.  in  principle,  rather  simple.  A  mixed 
interface,  containing  50'?  Ga  and  5()'f  As  atoms 
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Fig.  ].  Several  surface  reconstructions  of  the  GaAs  (100) 
surface:  (a)  The  (2  x  4)/?  GaA.s  surface  with  a  75%  As  coverage, 
an  As-lean  (2x4)a  variant  with  a  50%  As  coverage  and  an 
As-nch  (2x4)>'  variant  with  excess  chemisorbed  As.  (b)  A 
possible  (3  X  1)  surface  structure  with  a  50%  As  coverage. 


should  provide  no  excess  charge  at  the  interface. 
In  practice,  stable  surface  reconstructions  are  pro¬ 
duced  on  the  GaAs  (100)  surface  which  determine 
the  surface  stoichiometries  available  for  growth. 
Thus,  very  accurate  control  of  the  experimental 
conditions  which  produce  a  particular  surface  re¬ 
construction  is  needed  to  form  the  ideal  11 -VI/ 
III  V  heterointerface. 

The  most  frequently  observed  GaAs  surface 
reconstruction  during  MBE  growth  is  the  (2  X  4) 
As  rich  reconstruction  |13-15].  It  has  been  shown 
[16]  that  this  reconstruction  actually  consists  of  a 
family  of  structures,  the  simplest  of  which  con¬ 
tains  three  As  dimers  and  as  As  dimer  vacancy  per 
unit  cell.  This  gives  an  As  coverage  of  75%.  How¬ 
ever.  both  more  As-rich  and  less  As-rich  members 
of  the  (2x4)  family  have  been  identified  [16].  Fig. 
la  shows  three  representative  surface  reconstruc¬ 
tions  for  the  three  regimes,  denoted  as  a.  p  and  y 
for  the  A.s-lean.  75%.  and  As-rich  range  of  com¬ 
positions.  re.spectively.  Of  these,  only  the  As-lean 
(2  X  4)o  approaches  the  desired  50%  surface 
stoichiometry.  The  Ga-rich  (4  X  2)  surface  recon¬ 
struction  is  also  often  obserxed  in  MBE  growth. 
While  it  is  not  as  well  established,  this  diffraction 
pattern  is  believed  to  correspond  to  a  75%  Ga 
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coverage  under  ideal  conditions,  and  higher  effec¬ 
tive  coverage  can  occur  due  to  the  formation  of 
Ga  droplets. 

Several  transitional  reconstructions  have  been 
observed  in  going  from  the  (2  X  4)  to  the  (4  X  2) 
regimes  [17],  It  is  therefore  reasonable  to  expect 
that  these  may  take  us  close  to  the  ideal  50% 
surface  stoichiometry.  Two  of  these  intermediate 
structures  which  have  been  observed  show  a  (4  x  6) 
or  a  (3  X  1)  reflection  high  energy  electron  diffrac¬ 
tion  (RHEED)  pattern.  They  are  believed  to  rep¬ 
resent  two  different  paths  in  the  evolution  from  a 
(2x4)  to  a  (4x2)  surface  reconstruction.  Both 
represent  a  family  of  surfaces  which  possess  a 
range  of  surface  compositions  and  can  provide,  in 
some  of  their  members,  nearly  stoichiometric  in¬ 
terfaces  [8|.  Fig.  lb  shows  an  example  of  a  surface 
with  a  (3x1)  surface  reconstructions,  a  dis¬ 
ordered  from  of  the  c(6  x  4).  which  provides  nearly 
equal  number  of  As  and  Ga  atoms  at  the  .surface 
and  which  will  be  discussed  below.  Recently.  Qiu 
et  al.  [6]  and  Kobayashi  [7]  have  reported  ex¬ 
tremely  good  optical  and  electrical  properties  from 
ZnSe/GaAs  interface?.  They  both  observe  the  for¬ 
mation  of  a  (4  X  3 )  surface  reconstruction  on  the 
GaAs  substrate  prior  to  ZnSe  deposition.  This 
surface  is  believed  to  be  a  Se-modified  version  of 
the  (4  X  6)  GaAs  surface  which  may  provide  nearly 
50 :  50  Ga-to-As  ratio  [8|. 

3.  Evaluation  of  interface  quality:  RHEED  and 
photoluminescence  studies 

Several  means  are  available  to  evaluate  inter¬ 
face  quality,  each  of  which  provides  information 
on  different  aspects  of  the  interface.  Thus,  an 
ideal  interface  must  aim  to  optimize  as  many  of 
the  criteria  as  possible.  The  most  immediate  indi¬ 
cation  of  a  g<HKl  or  had  interface  is  the  evolution 
of  the  RHEED  pattern  as  one  initiates  hetcroepi- 
taxial  growth.  As  we  had  previously  reported  11|. 
instantaneous  twivdimensional  nucleation  of  ZnSe 
is  typically  observed  on  the  (2x4)  surface  recon¬ 
structions.  while  a  long  lasting  three-dimensional 
initial  growth,  which  we  refer  to  as  transition  time. 
(Kcurs  on  the  (4x2)  GaAs  surfaces.  In  the  latter 
case,  this  disordered  initial  growth  mode  lasts  for 


Energy  (eV) 

Fig.  2.  Low  lemperalure  phololuminescence  spectra  for  two 
samples  consisting  of  a  thin  (1000  A)  ZnSe  layer  grown  on 
ln„„GaAs  substrates;  one  having  a  (2x4)  and  another  a 
(4  X  2)  .surface  reconstruction. 

more  than  30  s  (up  to  several  minutes),  depending 
on  the  details  of  the  growth  conditions  used,  rep¬ 
resenting  growth  of  a  relatively  thick  (50-100  A) 
layer  before  smoothening  of  the  growth  surface 
takes  place.  Transition  times  on  the  (3x1)  surface, 
although  always  .short,  vary  from  negligible  (less 
than  5  s)  to  approximately  15  s.  apparently  de¬ 
pending  upon  sample  thermal  history.  Low  tem¬ 
perature  photoluminescence  (PL)  from  1000  A 
ZnSe  layers  grown  on  ln„,„GaAs  bulk  substrates 
are  shown  in  fig.  2.  In  one  case  the  ZnSe  layer  was 
grown  on  the  (4x2).  Ga  stabilized  substrate 
surface,  produced  upon  de-oxidation  of  the  sub¬ 
strate  in  the  absence  of  an  As  flux.  In  the  other, 
the  substrate  was  heated  in  the  pre.sence  of  As. 
thus  obtaining  a  (2x4)  surface  reconstruction 
prior  to  ZnSe  growth.  The  sample  grown  on  a 
(4  X  2)  surface  exhibits  an  initial  three-dimen¬ 
sional  growth  mode.  Its  PL  is  dominated  by  deep 
level  emi.ssion  indicating  poor  quality  of  the  ZnSe 
near  the  interface  region.  By  contrast,  a  similar 
sample  grown  on  a  (2  x  4)  surface,  which  gave  a 
negligible  RHEED  transition  time,  exhibits  a  PL 
spectrum  with  almost  exclusively  band  edge 
lumine.scence  and  very  sharp  excitonic  features. 

The  apparent  insensitivity  of  the  initial  RHEED 
tran.sition  times  to  the  degree  of  As  coverage  within 
the  (2  X  4)  family  of  structures  may  be  explained 
by  electric  field  enhanced  desorption  of  excess  As 
from  the  GaAs  surface.  This  compensatory  pro¬ 
cess,  which  would  reduce  the  effect  of  the  elec¬ 
tronic  imbalance  at  the  interface,  would  actually 
take  us  closer  to  ideally  stoichiometric  composi- 
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lions.  On  the  other  hand,  surfaces  which  contain 
an  excess  of  Ga  atoms  cannot  undergo  such  a 
compensatorv-  desorption  due  to  the  relatively  low- 
vapor  pressure  of  Ga.  In  these  cases,  roughening 
of  the  surface  and  intermixing  may  become  the 
preferred  mechanisms  to  relieve  the  interface  im¬ 
balance.  This  roughening  may  in  .some  ca.ses  lead 
to  the  formation  of  gallium  selenide  pha.ses  at  the 
interface. 


4.  Vertical  photocuirent  studies 

In  addition  to  the  structural  properties  of  the 
heterointerface,  one  must  establish  the  quality  of 
the  interface  with  respect  to  electronic  transport 
across  it.  Here  we  propo.se  a  method  based  on 
vertical  photocurrent  (PC)  through  the  interface. 
By  this  we  mean  that  current  flows  perpendicular 
to  the  interface,  between  the  epilayers  and  the 
substrate.  .Although  transport  across  the  interface 
is  a  complex  process  which  is  not  well  understood, 
phoiocurrents  are  well  known  to  be  very  sensitive 
to  the  presence  of  traps,  .so  that  driving  carriers 
directly  across  an  interface  is  a  good  measure  of 
interface  quality.  Thus,  all  else  being  equal,  the 
magnitude  of  the  photocurreni  will  vary  with  the 
density  of  interface  stales. 

[•'or  these  purposes  a  structure  was  c;  •  ed 
ciinsisting  of  an  n  -GaAs  substrate,  an  n-GaAs(Si) 
epilayer  (n  =  It)"'  cm  ’.  </ =  500  nm)  and  an  n- 
ZnSetf/a)  layer  («=  10'  cm  '.  rf  ~  .500  nm).  A 
senes  of  such  structures  were  grown,  varving  onlv 
the  reconstruction  of  the  surface  of  the  GaAs 
epilayer.  as  observed  by  RHbT.l).  prior  to  the 
growth  of  the  Zn.Se  layer.  We  note  here  that  as  a 
side  experiment  some  samples  al.so  included  an 
additional  Ga.As  laser  as  a  thin  cap  (  ~  20  nm)  on 
lop  of  the  ZnSe  to  passivate  the  free  surface. 

The  samples  were  grown  in  a  dual  chamber 
.V1BI-,  svsiem  In  detail,  a  0,5  jim  laser  of  Cia.As 
(n  )  was  grown  on  (ia,As(  100)  n  ’  substrates  m  a 
chamber  dedicated  to  (ia.As  grown,  under  ivpical 
MBl:  growth  conditions.  The  samples  were  then 
cooled  below  400 '’C  m  the  presence  of  an  .\s 
background.  This  tvpically  gave  a  very  ,As-rich 
c(4  ^  4)  surface  reconstruction,  which  served  as  a 
starting  condition  for  all  cases.  The  samples  were 


Table  I 

Summary  of  the  parameters  of  interest  in  the  ZnSe/GaAs 
heierostructurcs  studied 


Sample 

No. 

CiaAs 

surface 

structure 

RHEED 

transition 

time 

is) 

Cap 

layer 

270 

(2x4|y 

5 

No 

.^06 

(3x1) 

IS 

No 

(2x4)y 

10 

No 

Ml 

(3x1) 

5 

Yes 

348 

(4x1) 

5 

Yes 

then  transferred  via  UHV  to  the  11- VI  chamber 
where  the  ZnSe  was  grown.  Prior  to  ZnSe  growth 
the  samples  were  healed  in  order  to  obtain  the 
desired  Ga.As  surface  reconstructions,  as  de¬ 
termined  by  RHBKD.  For  one  ca.se.  sample  tem¬ 
peratures  were  raised  until  the  (2x4)  RHEED 
pattern  first  appeared  (designated  as  the  more 
As-rich  (2x4)y)  and  immediately  cooled  to 
270° G  for  growth  of  ZnSe.  In  others,  the  temper¬ 
ature  was  raised  further  until,  upon  the  disap¬ 
pearance  of  the  (2  X  4)  pattern,  a  (.T  x  1)  recon¬ 
struction  could  be  identified.  They  were  then  im¬ 
mediately  cooled,  also,  for  ZnSe  grow  ih.  One  sam¬ 
ple  was  healed  to  slightly  higher  temperatures,  in 
which  case  a  (4  x  1 )  surface  evolved  upon  cooling. 
This  reconstruction  may  be  related  to  the  previ¬ 
ously  reported  |b.7|  (4  x  .1)  surface.  .As  stated 
earlier,  in  all  the  samples  used  in  this  study  the 
RHEED  transition  times  were  le.ss  than  15  s.  The 
relevant  parameters  cvvmpared  in  this  study  are 
summari/ed  in  table  1. 

A  Schottky  diode  vvas  prepared  from  each 
structure  by  fabricating  a  thin.  ID  nm.  C'l  disk 
(450  gm  diameter)  and  .Au  ring  contact  on  the 
ZnSe  surface.  .A  Au  Ge  ohmic  contact  was  ap¬ 
plied  on  the  n  -GaAs  substrate,  and  after  dicing, 
individual  diodes  were  bonded  to  TO- 18  headers 
for  measurement.  Light  from  a  tungsten  lamp  - 
momK'hromator  source  was  u.sed.  incident  directly 
thrv'ugh  the  thin  C'r  Schottky  dot.  Spectra  were 
measured  with  wavelengths  covering  the  range 
from  0.4  to  1.0  gm,  spanning  the  bandgaps  of 
both  CiaAs  and  ZnSe.  Light  was  thus  absorbed  on 
either  the  ZnSe  v'r  the  Cia.As  side  of  the  interface 
and  the  resulting  phoioeurrent  observed  and 
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Fig.  3.  Vertical  photocurrcnt  spectra  for  a  series  of  GaAs/ZnSe 
heterostructures  differing  from  each  other  in  the  GaAs  surface 
reconstruction  obtained  before  ZnSe  deposition.  The  inset 
shows  a  schematic  of  the  device  configuration. 

evaluated  with  transport  through  the  heterointer¬ 
face.  The  re«"lting  photocurrent  spectra  are  pre¬ 
sented  in  fig.  3.  Both  the  GaAs  and  the  ZnSe 
absorption  edges  are  clearly  seen  near  1.4  and  2.7 
eV.  respectively.  We  plot  the  log  of  the  photocur¬ 
rent  versus  photon  energy,  where  the  vertical  scale. 
although  in  arbitrary  units,  preserves  the  relative 
magnitudes  from  sample  to  sample.  (The  quantum 
efficiency  in  GaAs  for  the  best  case  is  about  4%.  a 
good  value  considering  that  the  layer  thicknesses 
were  not  optimized  for  this  and  that  there  is  a 
large  valence  band  offset.)  The  data  clearly  reflect 
the  changes  in  surface  reconstruction.  For  absorp¬ 
tion  in  GaAs,  observed  for  photon  energies  <  2.5 
eV.  the  pC  signals  were  largest  for  samples  with  a 
(3x1)  reconstruction,  while  the  lowest  were  for 
the  As-rich  (2  x  4)y  surface  reconstructions.  An 
intermediate  value  was  observed  for  the  (4x1) 
surface.  These  differences  are  large,  ranging  from 
I  to  2  orders  of  magnitude.  Large  photocurrents 
corresponding  to  absorption  in  the  GaAs  were 
never  observed  for  the  (2  x  4)y  reconstruction, 
while  the  large  photocurrents  seen  for  the  (3x1) 
interface  could  be  reproduced.  We  attribute  the 
differences  in  photocurrent  to  interface  states 
which  dominate  in  the  (2  x  4)y  case,  giving  carrier 
trapping  and  recombination.  We  conclude  that  the 
(3x1)  case  gives  reduced  trapping  because  of 
better  interface  stoichiometry,  and  therefore  large 
photocurrents. 


For  photon  energies  greater  than  2.9  eV  we 
obtain  PC  due  to  absorption  in  the  ZnSe.  The 
magnitude  of  this  photocurrent  is  apparently 
dominated  by  the  free  surface  due  to  surface  re¬ 
combination.  This  is  evidenced  by  variations  from 
diode,  as  well  as  by  variations  due  to  ambient 
conditions  (e.g.  room  air  versus  vacuum).  Im¬ 
provement  of  these  effects  occurs  when  a  thin  20 
nm  GaAs  cap  layer  is  included  on  the  ZnSe.  For 
example,  samples  347  and  348,  which  show  the 
largest  ZnSe  PC  signals  both  contain  a  GaAs  cap 
layer,  while  the  others  do  not.  More  precise  stud¬ 
ies  need  to  be  made  of  these  ZnSe  surface  effects. 


S.  Conclusions 

We  propose  a  simple  model,  based  on  elec¬ 
tronic  balance  at  the  interface,  to  predict  the 
surface  reconstructions  which  form  the  most 
favorable  Il-VI/lll-V  heterointerfaces.  The  elec¬ 
tron  counting  method  in  this  model  predicts  that 
surfaces  with  equal  number  of  the  constituent 
atoms  available  for  formation  of  interface  bonds 
will  produce  ideal,  abrupt  interfaces  with  overall 
electronic  balance,  and  a  reduction  of  interface 
states.  This  was  demonstrated  by  vertical  photo¬ 
current  measurements  made  on  a  series  of  samples 
prepared  with  various  GaAs  interface  stoichiome¬ 
tries,  with  minimum  interface  states  for  the  (3x1) 
reconstruction.  These  samples  also  show  short 
transition  times  upon  initiation  of  ZnSe  growth. 
These  two  results  indicate  that  very  high  quality, 
abrupt  ZnSe/ GaAs  interfaces  have  been  obtained 
for  growth  on  the  nearly  stoichiometric  GaAs 
(3x1)  surface.  Our  results  provide  no  evidence 
for  the  existence  of  a  distinct  interfacial  layer,  as 
has  sometimes  been  proposed  [10,11],  In  this  ini¬ 
tial  study,  only  three  reconstructions  were  ex¬ 
amined  to  establish  the  correlation  between  inter¬ 
face  quality  and  interface  stoichiometry.  A  more 
gradual  variation  of  the  reconstructions  may  iden¬ 
tify  intermediate  cases  that  approach  even  more 
closely  electronic  balance  at  the  interface,  produc¬ 
ing  an  optimal  heterointerface. 
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Epitaxial  ZnSe/epilaxial  GaAs  interfaces  are  formed  by  molecular  beam  epitaxy  and  evaluated  by  several  techniques  including 
capacitance-voltage  (C  -  E)  measurements.  The  GaAs  surface  stoichiometry  is  systematically  varied  prior  to  the  nucleation  of  ZnSe, 
A  dramatic  reduction  of  interface  state  density  occurred  when  the  GaAs  epilayer  is  made  As  deficient.  The  ZnSe/GaAs  interfaces 
exhibiting  low  interface  state  densities  are  associated  with  the  presence  of  an  interfacial  layer  of  zincblende  Ga^Se,.  In  situ  X-ray 
photoelectron  spectroscopy  (XPS)  is  used  to  study  the  nature  of  the  bonding  at  the  interfacial  layer.  The  character  of  Se  3d  core  level 
features  from  the  interfacial  region  and  from  separately  grown  Ga-Se,  epilayers  support  the  identification  of  the  interfacial  layer  as 
Ga  iSci. 


1.  Introduction 

In  recent  years  there  has  been  considerable 
activity  involving  the  growth  and  study  of  various 
heterostructures  and  heterojunctions.  The  majority 
of  this  effort  is  focused  on  heterojunctions  formed 
between  Ill-V  compounds.  Unlike  the  homova- 
lent  llI-V  heterostructures,  ZnSe/GaAs  is  char¬ 
acterized  by  a  chemical  valence  mismatch  at  the 
interface.  Previously  it  has  been  shown  that,  de¬ 
spite  this  valence  mismatch  across  the  interface,  it 
was  possible  to  obtain  (at  least  in  the  case  of 
epilayer/ epilayer  structures)  heterovalent  inter¬ 
face  state  densities  comparable  to  those  achieved 
from  (Al,Ga)As/GaAs  structures,  by  employing  a 
post-growth  annealing  procedure  [1-8].  In  this 
paper  we  present  a  growth  technique,  involving 
the  selection  of  an  appropriate  GaAs  surface 
stoichiometry  prior  to  nucleation  of  ZnSe  [9],  that 
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results  in  as-grown  samples  exhibiting  nearly  ideal 
C-K  characteristics  without  the  necessity  for 
post-growth  annealing.  The  interface  between  the 
ZnSe  epilayer  and  the  GaAs  epilayer  is  evaluated 
by  in  situ  X-ray  photoelectron  spectroscopy  (XPS). 


2.  Sample  preparation  and  electrical  properties 

Both  the  ZnSe  and  GaAs  epilayers  were  grown 
in  separate  growth  chambers  of  a  modular  MBE 
system  in  order  to  avoid  cross-contamination; 
transfer  between  growth  chambers  occurred  in  an 
ultrahigh  vacuum  (UHV)  transfer  module.  The  Be 
doped  p-type  (1.0x10'^  cm  ■’)  GaAs  epilayers 
were  grown  on  (100)  oriented  Zn  doped  GaAs 
substrates  at  a  substrate  temperature  of  582°C. 
Reflection  high  energy  electron  diffraction 
(RHEED)  was  used  to  monitor  the  film  growth;  a 
(2  X  4)  reconstruction  pattern  was  observed 
throughout  the  GaAs  epilayer  growth.  When  the 
temperature  of  the  GaAs  epilayer  was  lowered 
after  the  growth,  an  As-rich  c(4  x  4)  reconstruc¬ 
tion  pattern  was  observed.  Following  the  growth 
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of  the  GaAs  epilayer,  samples  were  transferred  in 
UHV  to  a  second  growth  chamber  for  the  nuclea- 
tion  of  ZnSe.  The  ZnSe  epilayers  were  grown 
using  elemental  sources  at  a  substrate  temperature 
of  320°C.  The  flux  ratio  was  set  at  unity  using  a 
quartz  crystal  monitor  placed  at  the  substrate 
position. 

A  series  of  experiments  were  performed  in  the 
ZnSe  growth  chamber  wherein  the  GaAs  epilayer 
surface  stoichiometry  was  altered  prior  to  the 
nucleation  of  ZnSe  [9].  Starting  from  the  as-trans¬ 
ferred  sample  which  had  the  arsenic-rich  c(4  x  4) 
reconstructed  surface,  the  GaAs  epilayers  were 
heated  to  different  temperatures  to  reduce  the 
surface  As  content,  resulting  in  four  different 
GaAs  interface  reconstructions.  When  the  GaAs 
was  heated  to  approximately  460°C.  a  (2  x  4) 
surface  reconstruction  was  observed.  At  about 
510°C,  a  (4x6)  surface  reconstruction  pattern 
appeared.  As  the  GaAs  epilayer  temperature  con¬ 
tinued  to  be  raised  above  the  temperature  where 
the  (4  X  6)  pattern  was  observed,  in  the  vicinity  of 
535  °C  the  reconstruction  again  changed.  Al¬ 
though  one  might  expect  that  a  (4  x  2)  Ga-stabi- 
lized  pattern  would  follow  the  (4  X  6)  as  the  tem¬ 
perature  was  increased  [10],  the  reconstruction 
pattern  recorded  was  a  (4x3)  [5].  The  latter  re¬ 
construction.  differing  from  the  conventionally  re¬ 
ported  Ga-rich  GaAs  surface  reconstruction  pat¬ 
terns.  may  have  resulted  from  the  “decoration” 
[11]  of  the  heated  GaAs  surface  by  high  vapor 
pressure  species  such  as  Se  or  Zn,  or  by  the 
formation  of  a  submonolayer  coverage  of  Ga^Se,. 
Such  a  modification  of  the  GaAs  reconstruction 
pattern  seemed  not  unlikely  since  the  background 
chamber  pressure  rose  from  about  5  x  10  "  Torr 
to  as  high  as  5  x  10  Torr  as  the  GaAs  epilayers 
(and  contiguous  substrate  mounting  hardware) 
were  heated  to  increase  the  degree  of  As  de¬ 
ficiency. 

Following  the  growth  of  the  epitaxial  ZnSe/ 
GaAs  heterojunctions,  circular  capacitors  with  A1 
metalization  were  fabricated  by  an  evaporation 
lift-off  procedure,  and  series  of  C~V  measure¬ 
ments  were  pterformed.  All  of  the  data  shown  here 
were  taken  in  the  dark.  Fig.  1  shows  the  room 
temperature.  1  MFlz  C-V  characteristics  of 
Al/ZnSe/p-GaAs  capacitors  fabricated  on  a.s- 


Fig.  1.  F.xperimenial  (solid  line)  and  theoretical  (da.shed  line) 
C-F  characteristics  of  the  ZnSe/p-GaAs  heterojunction.s  at 
room  temperature.  All  of  the  data  were  taken  at  1  MHz  in  the 
dark  with  a  sweep  rate  of  0.1  V /s.  The  theoretical  curves  are 
calculated  corresponding  to  the  doping  densities  obtained  from 
C-F  profiling  and  the  ZnSc  epilayer  thickness  measured  from 
TLM  images. 


grown  heterostructures.  For  comparison,  ideal  (ne¬ 
glecting  the  effect  of  interface  states)  theoretical 
C-K  curves  were  calculated  corresponding  to  the 
doping  densities  obtained  from  C-V  profiling  and 
the  ZnSe  thicknes.ses  measured  from  TEM  images. 
In  all  cases  the  flat-band  voltages  of  the  theoreti¬ 
cal  curves  were  shifted  to  facilitate  comparison 
with  the  experimental  data.  (The  variation  in  the 
flat  band  voltage,  cau.sed  by  the  presence  of  fixed 
charge  at  the  interfacial  region,  did  not  affect  the 
total  range  of  band  bending.)  As  shown  in  fig.  1.  a 
typical  sample,  nucleated  on  a  Ga-rich  surface, 
as-grown,  exhibited  a  clear  accumulation  ledge: 
the  thickness  of  the  ZnSe  epilayer  calculated  from 
the  accumulation  capacitance  was  840  A.  a  value 
which  agreed  closely  with  the  TEM  measurement. 
The  samples  as.sociated  with  both  (2  X  4)  and  (4  x 
6)  GaAs  surfaces  showed  a  tendency  to  form  a 
hole  accumulation  layer  before  current  started  to 
flow  across  the  ZnSe  layers.  For  these  samples,  an 
interface  state-related  stretching  could  be  clearly 
.seen  from  the  depletion  portion  of  the  C-V  curves. 
(The  C  -  V  characteristics  of  such  samples  im¬ 
proved  to  nearly  ideal  following  the  same  thermal 
annealing  procedure  as  described  above  [6,7].) 
Among  the  four  types  of  as-grown  samples,  the 
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capacitors  associated  with  the  c(4  X  4)  GaAs 
surface  exhibited  the  most  pronounced  interface 
state-induced  stretching  near  the  mid-gap,  while 
those  capacitors  formed  on  a  Ga-rich  GaAs  surface 
had  no  indication  of  such  stretching,  indicating  a 
virtual  elimination  of  interface  states  in  this  region 
of  the  band  gap.  The  only  remaining  interface 
states  in  those  samples  were  distributed  near  the 
valence  band  edge.  The  C-  V  characteristics  were 
virtually  independent  of  frequency  from  1  kHz  to 
4  MHz' 

The  interface  state  density  distributions  were 
measured  using  Terman’s  method.  By  comparing 
the  interface  state  densities  near  the  mid-gap  for 
the  series  of  samples,  a  clear  trend  showing  a 
reduction  in  the  interface  state  density  as  the 
GaAs  epilayer  surface  became  increasingly  As  de¬ 
ficient  was  observed.  For  the  samples  grown  on 
Ga-rich  GaAs  the  interface  state  density,  in¬ 
tegrated  over  the  lower  portion  of  the  GaAs  band 
gap,  was  approximately  3  x  10”  cm“*. 

It  had  been  previously  speculated  that  the 
ZnSe/GaAs  interfaces  exhibiting  the  low  interface 
stale  densities  were  associated  with  the  presence 
of  an  interfacial  layer  of  Ga,Se,  [4,5,9].  Recent 
TEM  cross-sectional  dark  field  and  high  resolu¬ 
tion  images  of  heterojunciions  formed  on  (4  X  3) 
reconstructed  GaAs  surface  indicated  the  presence 
of  an  uniform  band  interpreted  as  an  interfacial 
compound  having  an  average  thickness  of  2  mono- 
layers  [12].  Image  simulations  strongly  supported 
the  identification  of  zincblende  Ga2Se,  as  the 
interfacial  layer  formed  on  As-deficient  GaAs  epi- 
layers.  As  described  in  the  nex;  section,  the  TEM 
results  have  been  further  supported  by  an  investi¬ 
gation  of  the  interfacial  bonding  using  XPS 

3.  XPS  analysis  of  the  interfacial  region 

The  XPS  measurements  were  performed  using  a 
PHI  series  5000  XPS  system  integrated  into  the 
modular  MBE  system.  The  pressure  inside  the 
XPS  chamber  during  the  measurements  was  less 
than  2.5  X  10  Torr. 

In  a  typical  experiment  designed  to  analyze  the 
interfacial  region  using  XPS,  the  growth  of  ZnSe 
was  interrupted  5  s  after  the  nucleation  ( ~  2  A/s 


growth  rate),  whereupon  the  sample  (as-grown 
interfacial  layer)  was  transferred  under  UHV  to 
the  XPS  chamber.  Subsequent  to  the  binding  en¬ 
ergy  measurement  of  interface  species,  the  sample 
was  transferred  back  to  the  ZnSe  growth  chamber 
for  completion  of  the  ZnSe  layer  growth.  In  ad¬ 
ditional  alternative  experiments,  Se  was  intention¬ 
ally  reacted  with  the  Ga-rich  (4  X  3)  surface.  This 
was  accomplished  by  first  heating  the  GaAs  epi¬ 
layer  until  the  (4  X  3)  reconstruction  was  observed 
and  then  exposing  it  to  a  2.0  X  10''*  atoms/cm^  •  s 
Se  flux  for  25  s  while  at  high  temperature.  The 
temperature  was  then  reduced  to  320°C  and  ZnSe 
was  grown  as  in  the  other  experiments.  C-  V  pro¬ 
files  of  samples  having  the  “Se-reacted  interface” 
are  essentially  the  same  as  those  of  samples  having 
as  grown  interfacial  layers;  both  have  nearly  ideal 
interface  properties  (as  discussed  in  ref.  [9]). 

To  aid  in  the  identification  of  the  interfacial 
layer,  a  450  A  thick  epitaxial  layer  of  Ga^Se,  was 
grown  on  a  GaAs  epilayer.  The  Ga2Se,  was 
nucleated  on  an  As-deficient.  (4  x  3)  recon¬ 
structed  GaAs  surface  at  a  substrate  temperature 
of  400'’C  using  a  Se-to-Ga  flux  ratio  of  3:1.  A 
(2x1)  reconstruction  pattern  was  observed  dur¬ 
ing  the  growth.  Upon  completion  of  the  growth, 
the  GajSe,  epilayer  was  transferred  under  UHV 
to  the  XPS  chamber  for  analysis. 

Fig,  2  shows  Se  3d  core  level  photoemission 
energy  distribution  curves  for  (a)  the  ZnSe  epi¬ 
layer.  (b)  the  GajSe,  epilayer.  (c)  the  interfacial 
layer,  and  (d)  the  Se  reacted  layer.  The  Se  3d 
features  from  ZnSe  (fig.  2a)  consist  of  a  dominant 
doublet  (two  spin-orbit  components:  Td^/j  and 
3d  I,)  originating  from  the  bulk  of  the  ZnSe 
epilayer.  plus  a  very  small  peak  at  higher  binding 
energy  attributed  to  surface  Se.  As  .seen  in  figs.  2c 
and  2d.  a  very  broad  Gaussian  component  is 
needed  to  fit  the  Se  3d  of  the  interfacial  region. 
This  peak  is  identified  as  the  plasmon  loss  feature 
of  As  3d  electrons  [1 3],  In  fig.  2c  the  Se  3d  feature 
can  be  resolved  into  three  peaks  including  a  com¬ 
ponent  corresponding  to  Sc  bound  to  Zn  (ZnSe). 
The  other  two  components  can  be  assigned  to  the 
interfacial  layer.  The  binding  energy  of  the  feature 
attributed  to  Se  bound  to  Zn  is  located  at  0.2  eV 
lower  than  the  higher  energy  feature  from  the 
interfacial  region.  It  is  apparent  that  the  line  shape 
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Fig.  2.  The  Se  3d  core  level  photoemis5;ion  energy  distribution 
cur\es  for  (a)  the  ZnSe  epilayer.  (b)  the  GajSe^  epilayer.  (c) 
the  as-grown  interfacial  layer,  and  (d)  the  Se  reacted  layer.  The 
features  are  resolved  into  several  doublets  which  are  attributed 
to  spin-orbit  splitting.  Both  the  interfacial  layer  and  the  Se 
reacted  layer  include  the  As  3d  plasmon  loss  feature  in  ad¬ 
dition  to  the  Se  3d  peaks.  In  fig.  2c  the  Se  3d  feature  can  be 
resolved  into  three  components  including  a  component  (shaded 
in  the  figure)  correspK^nding  to  Se  bound  to  Zn  (ZnSe). 


of  the  Se  3d  peaks  originating  from  the  interfacial 
layer,  the  Se  reacted  layer,  and  those  from  the 
Ga.Se,  epilayer  are  quite  similar.  The  Se  3d  peaks 
from  the  interfacial  layer,  the  Se  reacted  layer,  and 
those  from  the  Ga;Se3  epilayer  show  two  doublets 
of  comparable  magnitude  separated  by  0,95  eV, 
each  having  the  same  branching  ratio  (the  same  as 
the  Se  in  the  ZnSe  epilayer),  and  with  the  area 
ratio  of  the  high  binding  energy  feature  to  the  low 
binding  energy  feature  of  2;  1.  This  ratio  is  ex¬ 
pected  as  it  corresponds  to  the  ratio  of  the  number 
of  Se  atoms  having  vacancies  in  one  nearest 
neighbor  site  to  the  number  of  Se  atoms  having 
two  nearest  neighbor  site  vacancies.  A  more  de¬ 
tailed  discussion  concerning  the  origin  of  the  area 
ratio  is  given  elsewhere  [14]. 

The  binding  energy  difference  between  Se  3d 
and  Ga  3d  was  compared  for  the  GajSe,  epilayer, 
the  as-grown  interfacial  layer,  and  the  Se-reacted 
layer.  The  binding  energy  difference  for  the 
Ga.Se,  epilayer  was  34.7  meV.  Ga  3d  spectra 
from  the  interfacial  regions  have  a  large  feature 
originating  from  the  GaAs  and  a  smaller  compo¬ 
nent  [15]  at  a  higher  binding  energy.  The  energy 
difference  between  the  smaller  Ga  3d  component 


and  the  Se  features  associated  with  Ga.Se,  is  34.6 
meV,  a  value  seen  to  be  close  to  that  determined 
from  spectra  from  the  Ga^Sej  epilayer. 


4.  TEM  analysis  of  Ga2Se3  epilayer 

The  450  A  GajSe,  epilayer  has  been  examined 
by  TEM.  Observations  of  diffraction  patterns  have 
shown  that  the  epilayer  has  a  zincblende  type 
structure  and  formed  a  good  epitaxial  relation 
with  the  GaAs  epilayer.  In  ]011]  diffraction  pat¬ 
terns  of  cross-sectional  samples  and  [100]  diffrac¬ 
tion  patterns  of  plan-view  samples,  each  Bragg 
spot  of  GaAs  is  accompanied  by  a  spot  from  the 
epilayer.  The  lattice  parameter  of  the  zincblende 
structure  of  the  epilayer  is  determined  from  the 
diffraction  patterns.  The  estimated  value  is  5.43  + 
0.02  A  which  is  smaller  than  the  lattice  parameter 
of  GaAs  by  about  4%.  The  reported  lattice  param¬ 
eter  of  Ga2Se,  is  5.418  A  [16],  a  value  close  to  our 
estimate,  indicating  that  the  epilayer  is  nearly 
stoichiometric  Ga.Se,. 


5.  Conclusion 

In  conclusion,  the  as-grown  heterointerfaces 
between  ZnSe  and  p-GaAs  are  evaluated  under 
device-like  conditions  by  means  of  C-K  measure¬ 
ments.  It  is  shown  that  the  interface  state  density 
can  be  reduced  by  orders  of  magnitude  when  an 
appropriate  GaAs  epilayer  surface  stoichiometry 
is  chosen  for  the  subsequent  nucleation  of  a  ZnSe 
epilayer.  In  situ  XPS  is  used  to  analyze  the  nature 
of  the  bonding  at  the  interfacial  layer.  The  char¬ 
acter  of  Se  3d  core  level  features  from  the  ZnSe 
epilayer  surface,  from  the  interfacial  region,  and 
from  separately  grown  Ga^Se,  epilayers  supports 
the  identification  of  the  interfacial  layer  as  Ga.Se,. 
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High-quality  ZnSe/GaAs  superlattices:  MEE  growth,  and  structural 
and  optical  characterization 

S.  Ramesh.  N.  Kobayashi  and  Y.  Horikoshi 

NTT  Basic  Research  luihoraiories,  Musashino-shu  Tokyo- 1 80  Japan 


High-quality  ZnSe/GaAs  superlattices  were  grown  by  migration-enhanced  epitaxy  (MEE)  and  characterized  using  X-ray 
diffraction,  electron  microscopy  and  photoluminescence.  The  streaky  reflection  high-energy  electron  diffraction  (RHEED)  pattern 
and  strong,  persistent  RHEED  oscillations  observed  during  the  MEE  growth  of  the  superlaltices  indicate  a  smooth  growing  surface. 
The  sharp  satellite  peaks  observed  clearly  in  the  double-crystal  X-ray  diffraction  rocking  curve  of  a  21-period  ZnSe/GaAs 
superlallice  confirm  the  excellent  crystalline  and  inierfacial  quality  of  the  superlaliice.  Cross-section  transmission  electron  mi¬ 
croscopy  (TEM)  shows  flat,  abrupt  heierointerfaces.  Superlattice  photoluminescence  spectra  show  that  both  photo-excited  electrons 
and  holes  are  confined  in  GaAs  wells;  also  seen  are  the  sharp  excilonic  features  from  the  coherently  strained  ZnSe  cap  and  barrier 
layers  of  the  superlattice. 


1.  Introduction 

ZnSe/GaAs  superlattice  and  quantum-well 
structures  are  attractive  because  of  the  small  lattice 
mismatch  (0.21%)  between  ZnSe  and  GaAs.  and 
the  wide  band  gap  and  small  dielectric  constant  of 
ZnSe.  A  large  optical  non-linear  effect  is  expected 
in  these  structures  [1]-  A  number  of  studies  have 
been  reported  on  the  ZnSe-on-GaAs  heterostruc¬ 
tures  [2-4];  however,  it  is  difficult  to  form  the 
GaAs-on-ZnSe  heterostructure  by  conventional 
molecular  beam  epitaxy  (MBE)  and  metal  organic 
chemical  vapor  deposition  techniques.  This  diffi¬ 
culty  is  primarily  due  to  the  large  difference  in 
optimal  growth  temperatures  of  ZnSe  ( -  300 °C) 
and  GaAs  (>  550°C).  Recently,  migration-en¬ 
hanced  epitaxy  (MEE)  [5]  has  been  developed  as  a 
low-tempeiature  growth  technique  to  form  com¬ 
pound  semiconductor  heterostructures  with  sharp 
interfaces.  The  optimal  growth  temperature  mis¬ 
match  between  ZnSe  and  GaAs  was  solved  by 
applying  MEE  for  lowering  the  growth  tempera¬ 
ture  of  GaAs  to  250  °C.  The  problem  of  low 
sticking  coefficient  of  As  on  ZnSe  surface  was 
circumvented  by  As,  deposition  at  very  low  tem¬ 
peratures.  Thus,  a  ZnSe/GaAs  superlattice  has 
recently  been  fabricated  [6].  Here,  we  describe  the 


growth  of  high-quality  ZnSe/GaAs  superlattices 
with  careful  preparation  and  monitoring  of  the 
superlattice  growth  surface,  reduction  of  impurity 
contamination,  and  optimization  of  (low-tempera¬ 
ture)  As,  and  Ga  deposition  conditions  to  facili¬ 
tate  GaAs-on-ZnSe  growth:  this  allows  growth  of 
large  number  of  periods  of  the  superlattice  of  high 
quality  and  enables  characterization  using  X-ray 
diffraction  and  photolumine.scence. 


2.  Experimental 

A  conventional  MBE  apparatus  equipped  with 
a  10  kV  RHEED  (reflection  high-energy  electron 
diffraction)  system  was  used  for  MEE  growth. 
Both  GaAs  and  ZnSe  were  grown  in  the  same 
growth  chamber.  During  growth  the  RHEED  pat¬ 
tern  was  observed  and  the  specular  beam  intensity 
variations  were  monitored  along  the  [100]  azimuth 
at  an  incident  angle  of  1.5°. 

The  substrates  used  were  all  (001  )-oriented 
semi-insulating  GaAs  wafers.  The  surface  oxide 
layer  was  removed  by  annealing  the  wafer  in  the 
growth  chamber  at  about  580  °C  in  an  As,  flux. 
At  this  stage  the  (2  x  4)  RHEED  pattern  due  to 
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As-stabilized  surface  of  GaAs  is  observed.  A  GaAs 
buffer  layer  (180  nm  thick)  was  growth  by  conven¬ 
tional  MBE  at  ‘;S0°C  at  a  growth  rate  of  1.5  A/s 
and  a  streaky  RHEED  pattern  was  confirmed.  To 
further  improve  the  flatness  of  the  buffer  layer  a 
20  nm  layer  of  GaAs  was  grown  at  a  temperature 
of  250  °C  by  MEE.  The  beam  equivalent  pressure 
(BEP)  values  for  GaAs  growth  by  MEE  at  250° C 
are  1.5  x  10  ^  Torr  for  Ga  and  1.6  x  10'*  Torr 
for  AS4;  flux  durations  were  1.8  and  8.2  s  for  Ga 
and  AS4.  respectively. 

ZnSe/GaAs  superlattice  (nominal  layer  thick¬ 
ness:  ZnSe  20  nm.  GaAs  20  nm)  was  then  grown 
by  MEE  at  a  growth  temperature  of  250 °C;  the 
topmost  ZnSe  layer  (28  nm  thick)  acts  as  the  cap. 
Growth  and  characterization  of  these  structures  is 
briefly  reported  in  our  recent  paper  [7].  MEE 
grow  th  of  the  ZnSe  layer  after  growth  of  the  GaAs 
layer  was  done  with  the  Ga  and  AS4  cells  at  room 
temperature  and  the  chamber  pressure  down  to 
-  10  Torr.  (this  takes  about  90  min).  These 
precautions  were  sufficient  to  ensure  that  the  ZnSe 
growth  prcKeeded  without  deterioration  of  the 
growing  surface  as  monitored  by  RHEED.  For  (he 
growth  of  the  ZnSe  layer,  the  BEP  values  were 
1.5  X  10  ^  Torr  each  for  Zn  and  Se  and  the  beam 
flux  durations  were  10  s  each.  The  RHEED  pat¬ 
tern  observed  along  the  [lOO]  azimuth  changed 
clearly  from  c(2  X  2)  on  completion  of  the  Zn 
supply  to  (2  X  1)  on  completion  of  the  Se  supply, 
as  the  Zn  and  Se  beams  were  alternated  (fig.  1). 
The  RHEED  .specular  beam  intensity  oscillation 
amplitude  saturated  at  the  maximum  at  the  end  of 
each  Zn  supply  duration  and  at  the  minimum  at 
the  end  of  each  Se  supply  duration.  For  the  growth 
of  GaAs  on  ZnSe.  the  low  sticking  coefficient  of 
AS4  on  ZnSe  surface  nece.s.sitates  initiation  of 
GaAs  growth  by  deposition  of  amorphous  gallium 
arsenide  at  a  low  temperature,  followed  by  solid 
pha.se  epitaxial  regrowth.  This  is  achieved  by  AS4 
deposition  onto  Zn-stabilized  ZnSe  surface  at  an 
optimum  temperature  of  25  °C  followed  by  de¬ 
position  of  two  atomic  layers  of  Ga  also  at  25°C 
and  in  situ  annealing  for  a  few  minutes  at  250°C'. 
(Whereas  1  .ML  of  Ga  may  be  sufficient,  2  ML  are 
deposited  to  ensure  that  after  the  annealing  step, 
sub.sequent  growth  will  occur  on  crystalline  GaAs 
at  all  Iwations.)  At  the  end  of  this  prtKedure  a 


ZnSe  MEE 
Zn- Covered 


Se- Covered 
Surface 

Zn  10s  Se  10s 


Fig.  1.  RHEED  specular  beam  imensitv  oscillation  and  alier- 
naiing  RHEED  patterns  during  MEE  growth  of  a  ZnSe  layer 
of  the  ZnSe/GaAs  superlattice  {(100)  azimuth). 


streaky  (2  x  4)  RHEED  pattern  is  .seen  indicating 
the  formation  of  a  thin  crystalline  GaAs  layer. 
The  RHEED  specular  beam  intensity,  which  de¬ 
creases  after  the  AS4  and  Ga  depo.sition  at  room 
temperature,  recovers  and  .saturates  after  the  few 
minutes  of  annealing  at  250 °C  (fig.  2).  MEE 
growth  of  the  20  nm  thick  GaAs  layer  is  then 
carried  out  at  250  °C  with  no  deterioration  of  the 
growing  surface;  this  is  evidenced  by  the  strong. 


Zn  surfoce  As  open 


Zn  Se 
MEE 


Start  to  increaseTs 
from  25°Cto250'’C 


GaAs 

MEE 


As  adsorption 


Cooling  from  Annealing 

Ts=250°Cto2^C  at  Ts  =  250°C 

Fig.  2.  Fvolulion  of  RHEiED  specular  beam  intensity  during 
surface  preparation  for  GaAs  growth  on  ZnSe  {(UK))  a/imulh). 
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persistent  RHEED  oscillations.  The  RHEED 
oscillation  amplitude  was  equally  large  even  at  the 
highest  period  numbers  of  superlattice  grown. 

3.  Results  and  discussion 

Fig.  3  shows  a  double-crystal  X-ray  rocking- 
curve  obtained  from  a  21-period  ZnSe/GaAs  su¬ 
perlattice  in  the  vicinity  of  the  (004)  GaAs  Bragg 
angle.  The  sharpness  of  the  diffraction  satellite 
peaks,  with  full-width  at  half-maximum  of  100  arc 
sec,  indicates  the  high  crystalline  and  interfacial 
quahty  of  the  superlattice.  The  period  thickness  of 
this  superlattice,  calculated  in  the  usual  manner 
from  the  angular  spacing  of  the  superlattice  satel¬ 
lite  peaks,  is  40.8  nm,  which  is  in  agreement  with 
the  average  period  thickness  obtained  from  trans¬ 
mission  electron  microscopy  measurements.  TEM 
was  used  to  examine  the  superlaltice  structure  in 
greater  detail.  Cross-section  bright-field  TEM 
image  (fig.  4)  shows  flat,  abrupt  heterointerfaces 
and  no  dislocations  or  stacking  faults,  confirming 
that  strained  pseudomorphic  growth  of  the  super¬ 
lattice  layers  occurs.  The  interface  microstructure 
of  the  .superlattice  observed  over  wide  areas  using 


Fig.  3  Double-trysial  X-ray  rix'king-curve  of  a  2I-penod 
ZnSe/GaAs  superlattice  obtained  in  the  vicinity  of  the  i004) 
GaAs  Bragg  reflection. 


50nnfi 


Fig.  4.  Cross-section  TEM  bright-field  image  of  a  ZnSe/GaAs 
superiattice  grown  by  MEE. 


cross-section  high-resolution  electron  microscopy 
imaging  shows  featureless,  perfectly  coherent  het¬ 
erointerfaces  at  both  the  ZnSe-on-GaAs  and 
GaAs-on-ZnSe  interfaces. 

The  thickness  of  the  GaAs  layers  of  the  super- 
lattice  obtained  from  the  TEM  micrographs  is  as 
expected  from  a  MEE  growth  rate  of  about  one 
monolayer/ cycle.  However,  the  thickness  of  the 
ZnSe  layers  of  the  superiattice  obtained  from  TEM 
micrographs  yields  an  MEE  growth  rate  of  less 
than  0.67  monolayer/ cycle  for  ZnSe  growth  at 
250  °C.  Reported  values  of  growth  rale  of  ZnSe 
during  atomic-layer  controlled  epitaxy  range  from 
1/3  ML/cycle  [9|  and  1/2  ML  cycle  [6]  to  1 
ML/cycle  [8].  In  our  study  of  MEE  growth  of 
ZnSe  at  250  °C.  the  alternate  observation  of  the 
c(2  X  2)  and  (2X1)  RHEED  patterns  does  not 
appear  to  guarantee  complete  monolayer  coverage 
per  cycle.  Strain  may  play  some  role  in  the  resis¬ 
tance  to  complete  monolayer  coverage.  However, 
additional  experiments  on  MEE  growth  of  ZnSe 
layers  using  various  values  of  Se/Zn  flux  ratio, 
cycle  durations  and  substrate  temperatures  shows 
that  a  growth  rate  of  1  ML/cycle  can  in  fact  be 
achieved  over  a  wide  temperature  range  [10].  Using 
this  growth  conditions  we  have  fabricated  high- 
quality  single  quantum  well  structures. 

Photoluminescence  characterization  of  the  su¬ 
perlaltice  structures  was  done  at  a  temperature  of 
4.2  K  using  the  325  nm  wavelength  excitation 
from  a  He-Cd  la.ser.  The  luminescence  observed 
from  a  superiattice  (20  nm  GaAs  wells,  total  su¬ 
periattice  thickness  of  880  nm)  is  shown  in  fig.  5. 


S.  Ramesh  er  ai  /  Hi^h-quaUty  ZnSe /  GaAs  superlattices 


755 


ENERGY  (eV)  ENERGY(eV) 


Fig.  5.  4.2  K  phololaniine.scence  spectrum  of  a  ZnSe/GaAs 
supcrlaiiice  (20  nm  thick  Ga*^s  wells).  Luminescence  from  (a) 
ZnSc  cap  and  barrier  layers  of  the  superlaitiee  and  (b)  from 
GaAs  wells. 


The  reasonably  sharp  peaks  seen  in  the  lumines¬ 
cence  from  the  GaAs  wells  (fig.  5b)  indicate  that 
photoexcited  electrons  and  holes  are  confined  in 
the  wells.  The  small  blue  shift  (to  1.5165  eV)  of 
the  excitonic  luminescence  from  the  20  nm  thick 
quantum  wells  is  as  expected  from  the  small  con¬ 
duction  band  di.scontinuity  for  the  GaAs/ZnSe 
heterojunction.  The  full  width  at  half  maximum  of 
this  excitonic  peak  is  2.5  meV.  The  luminescence 
peak  at  1.4952  eV  is  probably  due  to  band  to 
Zn-acceptor  emi.ssion.  (This  indicates  residual 
doping  of  Zn  in  GaAs,  even  though  the  concentra¬ 
tion  is  below  the  detection  limits  of  Auger  and 
SIMS.)  Fig.  5a  shows  the  luminescence  from  the 
ZnSe  layer  of  the  superlattice  (primarily  from  the 
28  nm  thick  cap).  The  Zn.Se  luminescence  is 
qualitatively  similar  to  that  ob.served  by  other 
groups  [3.4.11]  for  high-quality,  coherently- 
strained  layers  of  ZnSe  grown  directly  on  GaAs 
epilayers.  The  efficiency  and  sharpness  of  the 
luminescence  from  the  ZnSe  cap  grown  on  top  of 
the  superlattice  is  a  confirmation  of  the  high  qual¬ 
ity  of  the  ZnSe  layer  as  well  as  (indirectly)  of  the 
quality  of  the  superlattice.  The  excitonic  features 
in  our  ca.se  are  blue-shifted  relative  to  the  lumine.s- 
cence  from  a  1000  A  ZnSe  layer  [3|.  This  is 


consi.stent  with  the  layer  thickness  effect  noted  in 
ref.  [11,3,4].  The  2.8083  eV  (heavy  hole)  and  2.8197 
eV  (light  hole)  transitions  are  free  exciton  features, 
while  the  2.8032  eV  feature  is  probably  associated 
with  a  neutral  donor  bound  exciton.  The  11.4  meV 
hh-lh  splitting  corresponds  to  a  strain  of  ~  0.31'^. 
which  is  approximately  that  expected  for  fully 
coherent  growth  on  GaAs. 


4.  Conclusion 

In  this  study  we  have  demonstrated  the  MEE- 
growth  of  high-quality  ZnSe/GaAs  superlattices 
at  the  low  growth  temperature  of  250 °C.  In  situ 
monitoring  of  the  growth  using  RHEED  indicated 
smooth  growing  surface.  Double-crystal  X-ray 
rocking  curve  measurements  and  transmis.sion 
electron  micro.scopy  confirm  the  excellent  interfa¬ 
cial  and  crystalline  quality  of  the  superlattices. 
Sharp  excitonic  features  have  been  ob.served  in  the 
pholumine.scence  spectra  for  the  first  time  from 
any  multilayer  structure  involving  GaAs-on-ZnSe 
growth. 
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We  report  the  growth  study  of  ZnSe  onto  (NH4  )2S,'pretreaied  GaAs  substrates.  In  .situ  reflection  high-energv  electron  diffraction 
t RHHED)  showed  that  the  (NH4 -treated  GaA.s  ((X)l )  .surface  took  a  .streaky  (1  x  I)  RHEED  pattern  at  room  temperature  and  a 
new  surface  reconstruction  after  heating  up  to  200®C'.  The  new  reconstruction  pattern  is  characterized  by  curbed  lines  between  the 
integral  reflection  diffraction  rixls.  We  attributed  this  pattern  to  the  composite  of  a  (2  x  1 )  reconstruction  pattern  of  the  (001 )  surface 
and  the  reflection  diffraction  at  (I In}  (n  is  estimated  to  be  5)  surfaces  of  terraces  formed  at  the  (001)  surface  in  the  (NH4)2S, 
solution.  We  speculate  that  these  terraces  are  enlarged  at  the  surface  of  the  overgrown  ZnSe  and  contribute  to  enhance  the  growth 
rale  of  ZnSe  throughout  the  entire  stage  of  the  heteroepita.Kv. 


1.  Introduction 

GaAs  wafers  have  exclusively  been  employed 
as  the  substrates  for  epitaxial  growth  of  ZnSe 
because  of  their  high  quality  and  small  lattice-mis¬ 
match  to  ZnSe.  In  the  case  of  epitaxial  growth  of 
ZnSe  by  a  molecular  beam  epitaxy  (MBE)  system 
with  one  growth  chamber,  the  removal  of  the 
GaAs  Surface  oxide  layer  has  usually  been  per¬ 
formed  at  high  temperature,  e.g..  >  500-600° C 
without  As  beam  irradiation.  This  process  causes  a 
rough  GaA.s  surface  becau.se  of  the  re-evaporiza- 
tion  of  As.  which  is  not  desirable  for  the  ZnSe 
growth. 

In  order  to  overcome  the  above-mentioned  dif¬ 
ficulties.  we  have  recently  employed  a  new  pre¬ 
treatment  technique  for  GaAs  substrate  by 
(NH4)2S,  solution  for  metaJorganic  molecular 
beam  epitaxy  (MOMBE)  of  ZnSe  [1-4).  Com¬ 
pared  to  the  conventional  thermal  etching  proce.ss. 
the  (NH4)2S,-pretreatment  resulted  in  (i)  two-di¬ 
mensional  growth  from  an  earlier  stage  of  the 
growth,  (ii)  better  optical  properties  of  pseudo- 
morphic  ZnSe  epilayers.  and  (iii)  lower  state  den¬ 
sities  at  ZnSe/GaAs  heterointerfaces.  In  the  pres¬ 
ent  study,  we  focus  on  the  growth  rate  and  di.scuss 


the  growth  process  in  terms  of  surface  structures 
of  the  (NH4).S, -pretreated  GaAs  substrates. 

2.  Experimental 

The  growth  was  carried  out  in  an  ANELVA 
KMV-101  MOMBE  .system.  A  diffusion  pump 
maintains  the  background  pressure  of  the  growth 
chamber  below'  2  x  10  Torr.  Dimethylzinc 
(DMZn)  and  dimethylselenide  (DMSe)  were  used 
as  the  .sources  for  Zn  and  Se,  and  were  cracked  at 
950  and  850  °C  through  tantalum  crackers,  re¬ 
spectively.  The  results  of  quadrupole  mass  analy¬ 
sis  suggest  that  the  cracking  efficiencies  of  DMZn 
and  DMSe  at  these  temperatures  are  70  80%  [5]. 
An  indium-free  holder  was  used  to  mount  the 
GaAs  substrate.  The  growth  processes  were  in  situ 
monitored  by  a  RHEED  observation  .system  w'hich 
consists  of  a  CCD  camera,  a  video  recorder  and 
an  image  processing  unit.  For  sulfur  passivation, 
we  used  the  (NH4)tS,  solution.  In  order  to  dis¬ 
cuss  the  effect  of  sulfur  passivation  on  the  growth 
of  ZnSe.  we  also  applied  the  conventional  pre¬ 
treatment  technique,  i.e..  thermal  etching.  De¬ 
tailed  procedures  have  been  described  in  previous 
papers  [1-4], 
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3.  Results  and  discussion 

i.l.  Growth  rate 

As  a  first  step,  we  investigated  the  growth  rate 
of  ZnSe  epilayers  grown  on  the  GaAs  substrates 
pretreated  by  the  two  different  methods.  We 
measured  the  epilayer  thickness  by  ellipsometer 
and  calculated  the  average  growth  rate.  The  re¬ 
sults  suggest  that  the  growth  rate  tends  to  increase 
by  the  (NH.,),S^  pretreatment.  Fig.  1  demon¬ 
strates  the  increment  of  the  growth  rate  on 
(NHjIjS^-pretreated  GaAs  substfates  compared 
to  that  on  conventionally  pretreated  GaAs  sub¬ 
strates.  As  can  be  seen  from  the  figure,  the  growth 
rate  on  the  (NFl4),S,-pretreated  substrate  is  about 
20%  higher  than  that  on  the  substrate  pretreated 
by  thermal  etching,  less  depending  on  the  thick¬ 
ness  of  the  overgrown  epilayer.  Prior  to  the  growth. 
(NHjl.S, -pretreated  GaAs  substrates  were  pre¬ 
heated  at  420  °C. 

The  fact  that  (NH4),S,  pretreatment  results  in 
higher  growth  rate  not  only  for  thin  (e.g.  0.03  ^m) 
but  also  for  thick  (0.8  gm)  epilayers  suggests  that 
the  growth  rate  enhancement  is  hardly  attributed 
to  the  influence  of  sulfur  atoms  adsorbed  on  the 
GaAs  surfaces.  It  was  reported  that  the  coverage 
rate  of  sulfur  on  GaAs  surfaces  after  heating 
around  the  growth  temperatures  used  in  this  .study 


THICKNESS  fnm) 

Fig.  1.  Increment  of  the  growth  rate  as  a  function  of  the 
thickness  of  the  overgrown  ZnSc  layer.  Prior  to  the  growth. 
(NH4 >25, -pretreated  GaAs  substrates  were  preheated  at  tem¬ 
peratures  of  420°  C  for  10  min. 


was  less  than  unity  [6  8].  Therefore,  the  adsorbed 
sulfur  atoms  may  influence  the  growth  rate  at  the 
initial  stages,  but  it  is  hardly  expected  that  they 
have  any  influence  on  the  growth  processes  when 
the  underlying  ZnSe  layer  is  as  thick  as  0.8  gm. 

3.2.  Surface  structure 

Excluding  the  possibility  of  influence  by  ad¬ 
sorbed  sulfur  atoms,  the  other  factor  which  can  be 
responsible  for  changing  the  growth  rate  is  the 
surface  structure  of  the  GaAs  ((301)  surface  treated 
by  the  (NH4),S^  .solution.  Hirayama  et  al.  [6] 
reported  that  the  (NH4)2S, -treated  surface  showed 
a  streaky  1  X  1  RHEED  pattern  before  annealing, 
and  a  2  X  1  surface  reconstruction  after  annealing 
at  260  and  420  °C.  We  also  observed  a  streaky 
I  X  1  RHEED  pattern  at  room  temperature;  how¬ 
ever,  after  annealing,  there  appeared  a  new 
RHEED  pattern  which  was  characterized  by 
curved  lines  between  the  integral  reflection  dif¬ 
fraction  rods.  This  pattern  is  clearly  different  from 
the  2x1  pattern  reported  by  Hirayama  et  al.. 
becau.se  the  half  order  reflection  diffraction  rods 
of  a  2x1  RHEED  pattern  should  be  straight 
lines. 

From  the  geometrical  relations  between  the 
curved  lines  and  the  integral  reflection  diffraction 
rods,  we  consider  that  the  new  RHEED  pattern  is 
composed  of  a  2x1  pattern  from  the  (001) 
surfaces  and  those  resulting  from  the  {Hn}  facets 
of  the  terraces  formed  by  the  pretreatment  using 
the  (NH4)2S,  solution.  Based  on  these  considera¬ 
tions,  a  surface  model  of  the  (NH4);S,-pretreated 
GaAs  (001)  substrate  and  the  corresponding 
RHEED  pattern  with  [110]  azimuth  are  shown 
schematically  in  figs.  2a  and  2b,  respectively.  Since 
the  reflection  diffraction  rods  from  the  surfaces  of 
the  terraces  look  like  curved  lines  due  to  the 
overlapping  of  the  half-order  reflection  diffraction 
rods  of  the  (001)  surfaces  upon  them,  it  is  difficult 
to  determine  the  exact  value  of  n.  However,  from 
an  enlarged  photograph  we  calculated  the  angle  0 
shown  in  fig.  2b  to  be  8.13°.  suggesting  that  n  is 
likely  to  be  5.  However,  the  curved  lines  appeared 
very  broad,  and  thus  errors  may  be  included  in  the 
calculations  of  0  and  estimation  of  n. 

However,  we  should  point  out  that  the  new 
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RHEED  pattern  was  not  observed  during  the 
growth  of  ZnSe.  Although  the  reason  is  not  clear 
now,  we  are  considering  that  the  terraces  become 
large  during  the  growth,  the  major  reflection  dif¬ 
fraction  occurs  from  the  (001)  surfaces  rather  than 
the  { 1  In }  facets,  and  thus  the  curved  lines  appear 
very  faint  with  the  proceeding  of  the  epitaxial 
growth. 

3.3.  Influences  of  terraces  on  growth  rate 

In  order  to  know  how  the  terraces  affect  the 
growth  rate  of  ZnSe  epilayers,  we  investigated  the 
relationship  between  the  RHEED  patterns  prior 
to  the  growth  and  the  frequencies  of  RHEED 
oscillations.  After  the  growth  of  a  0.12  gm  thick 
pseudomorphic  ZnSe  epilayer  and  an  interruption 
of  2  min,  we  observed  the  specular  beam  intensity 
oscillations.  The  results  are  given  in  fig.  3,  and  the 
corresponding  RHEED  patterns  prior  to  the 
growth  are  shown  in  fig.  4.  Here,  (a),  (b),  (c)  and 
(d)  denote  the  experiments  with  (NHj ),S,-treated 
GaAs  substrates  after  annealing  at  420,  520,  600 
and  650  °C.  respectively,  and  (e)  is  that  with  con¬ 
ventionally  pretreated  GaAs  substrate. 

In  the  RHEED  patterns  (fig.  4).  curved  lines 
are  clearly  seen  in  (a)  and  (b),  become  faint  in  (c), 
and  completely  disappear  in  (d).  As  can  be  seen 
from  fig.  3,  the  growth  rate  is  highest  and  nearly 
equal  in  (a)  and  (b)  and  decreases  with  the  in¬ 
crease  of  the  pretreatment  temperature  of  GaAs 
substrate.  The  growth  rate  in  (d)  is  almost  the 


Fig.  2.  (a)  Model  of  ihe  surface  structure  of  the  GaAs  substrate 
pretreated  by  the  (NH4)2S^  solution  and  (b)  schematic  RHEED 
pattern  from  the  surface  .structure  shown  in  (a). 


TIME 


Fig.  3.  RHEED  intensity  oscillations  of  ZnSe  observed  after  an 
interruption  of  2  min  on  a  0.12  thick  pseudomorphic 
buffer  layer:  (a),  (b).  (c)  and  (d)  are  the  results  when  we  used 
the  (NH4)2S^*prelreaied  GaAs  substrates  which  were  annealed 
at  420.  520.  600  and  650 respectively,  prior  to  the  growth: 
(e)  is  the  result  when  we  used  the  conventionally  preireated 
GaAs  substrate. 


same  as  that  in  (e)  which  is  grown  on  the  GaAs 
substrate  pretreated  by  the  conventional  manner. 
Therefore,  there  is  a  clear  correlation  between  the 
surface  microstructures  of  GaAs  substrate  and  the 
growth  rate. 

According  to  refs.  [6]  and  [7].  the  sulfur  cover¬ 
age  at  the  surface  after  annealing  at  420  °C  is 
equal  or  less  than  unity,  and  the  sulfur  atoms  are 
desorbed  at  temperatures  above  520  °C.  There¬ 
fore.  if  the  adsorbed  sulfur  atoms  cause  the  growth 
rate  enhancement,  variation  in  growth  rate  should 
have  occurred  in  (b)  as  compared  to  (a).  However, 
as  we  have  seen  in  fig.  3,  there  is  almost  no 
difference  in  growth  rate  between  (a)  and  (b). 

Fig.  5  shows  the  dependence  of  the  growth  rate 
on  the  time  interval  of  dipping  of  GaAs  substrate 
into  the  (NH4).S,  solution.  The  time  intervals  for 
(a),  (b),  (c)  and  (d)  are  10  s,  1  min.  2  min  and  10 
min,  respectively.  It  was  clearly  observed  that  the 
growth  rate  increases  with  the  time  interval  as  far 
as  it  is  less  than  2  min.  This  fact  means  that  a 
certain  time  interval  (about  2  min)  is  necessary  for 
completing  the  formation  of  terraces,  although  the 
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Fig.  4  RHEED  patterns  of  GaAs  substrates  prior  to  the  growth:  (a)-(e)  in  this  figure  correspond  to  those  in  fig.  3. 


TIME 


Fig.  5.  RHEED  intensity  oscillations  of  ZnSe  ob.served  after  an 
interruption  of  two  min  on  a  0.12  gm  thick  pseudomorphic 
buffer  layer.  The  intervals  for  dipping  the  GaAs  substrates  in 
the  (NH4)2S,  solution  are;  (a)  10  s  (h)  I  min.  (c)  2  min  and  (d) 
10  min. 


coverage  of  sulfur  on  GaAs  (001)  surface  in  the 
(NH4),S,  solution  saturates  within  2  s  [8]. 

4.  Conclusion 

We  have  shown  that  the  RHEED  pattern  of  a 
(NH4)2S^-treated  GaAs  (001)  surface  is  composed 
from  the  (2  >v  1)  pattern  of  the  (001)  surface  and 
that  of  the  {lln}  {n  is  estimated  to  be  5)  surfaces 
of  the  terraces  formed  at  the  GaAs  surface,  rather 
than  the  simple  (2x1)  pattern.  Our  results  pro¬ 
vide  direct  evidence  that  the  growth  rate  of  ZnSe 
is  greatly  influenced  by  the  surface  structures  of 
GaAs  surface  and  point  out  the  importance  of 
surface  pretreatment  in  heteroepitaxy. 
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Molecular  beam  epitaxy  of  Zn(Se,Te)  alloys  and  superlattices 
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ZnSt'j  ,Te,  ternary  alloys  have  been  grown  over  the  entire  range  of  composition  by  molecular  beam  epitaxy  on  GaAs  or  InP 
substrates.  A  gtxxl  control  of  the  composition  is  obtained  by  growing  the  ternary  in  Zn-rich  conditions.  The  ba  ;ap  energy  versus 
the  composition  shows  a  very  large  bowing  with  a  minimum  at  r<x>m  temperature  of  2.05  eV  and  a  Te  concentration  of  0.65. 
ZnSe .  ZnTe  superiattices  have  been  grown  and  show  a  strong  absorption  at  l.X  eV  supporting  the  hypothesis  of  a  type  II  superlatiive. 


I.  Introduction 

Wide  band  gap  II-VI  semiconductor.s  are  at¬ 
tractive  materials  for  visible  light  emitters  in  the 
blue/green  spectrum.  Binaries,  such  as  ZnSe.  have 
been  extensively  studied  for  both  p-  and  n-type 
doping.  ZnSe  can  be  efficiently  n-type  doped.  [1] 
but  efficient  p  doping  remains  an  unsolved  issue. 
In  fact  ail  the  wide  band  gap  il  -VI  .semiconduc¬ 
tors  are  n-type  or  .semi-insuiating  re.sidual  and  can 
be  doped  n-type.  except  ZnTe  which  presents  a 
p-type  residual.  It  is  therefore  interesting  to  study 
ZnTe  and  ZnSe  mixed  in  the  ternary  alloy 
ZnSe, .  ,Te,  and  ZnSe/ZnTe  superiattices.  More¬ 
over.  the  bandgap  of  ZnSeTe  materials  has  been 
found  to  pass  through  a  minimum  at  0.1  eV  below 
that  of  ZnTe  [2..^].  All  these  results  were  measured 
on  materials  grow  n  long  ago  by  growth  techniques 
using  extremely  high  temperatures  and  resulting  in 
polycrystalline  material  [4].  Nevertheless,  these 
materials  have  been  reported  both  n-  and  p-type 
for  Te  content  of  0.4  to  0.6  (5j. 

In  order  to  try  to  achieve  better  quality  materi¬ 
als.  molecular  beam  epitaxy  has  heen  recently 
used  for  growing  ZnSeTe  [6],  However,  mono- 
crystalline  ZnSeTe  layers  of  good  qualify  are  dif- 
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ficuit  to  achieve,  and  rather  broad  X-ray  diffrac¬ 
tion  peaks  having  been  found  |6].  Reproducible 
composition  has  been  underlined  as  an  important 
i.ssue.  the  range  0  0.2  being  especially  hard  to 
control  [7],  In  fact,  the  solid  solution  pre.sents 
some  immiscibilily  with  a  critical  temperature  of 
about  430  °C  [8].  Strained  ZnSe/ZnTe  [9]  and 
ZnSe/ZnSeTe  [10]  superiattices  have  already  been 
demonstrated  by  MBE. 

We  report  the  growth  by  molecular  beam  epi¬ 
taxy  of  ZnSci  ,Te,  alloys  and  ZnSe/ZnTe  super- 
lattices  on  both  GaAs  and  InP  substrates.  The 
ternary  alloy  has  been  grown  for  compositions  .v 
varying  from  0  to  1.  Single  crystal  ZnSe,  ,Te,  has 
been  achieved  as  seen  by  RHF.ED  and  X-ray  data. 
The  influence  of  the  initial  substrate  and  the 
growth  conditions  as  a  function  of  substrate  tem¬ 
perature  and  flux  ratio  are  investigated.  Choosing 
the  right  (Se.Te)-to-Zn  flux  gives  us  high  repro¬ 
ducibility  over  the  entire  range  of  composition. 
Using  spectral  photoconductivity  (PC)  measure¬ 
ments,  we  determine  the  room  temperature  band 
gap  energy  versus  Te  concentration  in  the 
ZnSe,  ^Te^  ternary.  A  very  strong  bowing  of 
versus  x  is  observed  presenting  a  minimum  of 
2.05  eV  at  room  temperature  for  a  composition  of 
about  ,v  =  0.65.  We  also  present  results  on 
ZnSe/ZnTe  superiattices  constituted  of  equal 
thicknesses  d  of  ZnSe  and  ZnTe  layers  ranging 
from  15  to  90  A.  PC  spectra  at  room  temperature 
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show  strong  absorption  around  1,8  eV  supporting 
a  type  11  ZnSe/ZnTe  superlattice.  Raman  scatter¬ 
ing  data  and  low  temperature  photoluminescence 
(PL)  spectra  show'  that  strained  ZnSe/ZnTe  su¬ 
perlattices  have  been  grown  on  InP  and  on  GaAs 
substrates  for  J  <  45  A.  For  d>  A5  A,  the  critical 
thicknesses  of  both  materials  are  exceeded  and  no 
PL  emission  is  observed,  suggesting  the  formation 
of  a  large  number  of  structural  defect.s. 

2.  MBE  growth  and  characterization  of  ZnSeTe 
ternary  alloys 

The  binaries  ZnSe  and  ZnTe  present  lattice 
constants  respectively  equal  to  5.6684  and  6.104 
.A.  The  ZnSe,  ,Te,  ternary  obeys  the  Vegard  law 
[2],  and  has  lattice  constants  which  present  a  lattice 
mismatch  with  GaAs  substrates  ranging  0.27'¥  to 
for  .V  varying  from  0  to  1  with  critical 
thicknes.ses  ranging  from  1500  to  =  20  Over 
InP  substrates,  ZnSe,  ,Te,  presents  a  lattice  mi.s- 
match  of  -  .1.4'r  to  4.019  for  .v  \arying  from  0  to 
1. 

2.1.  MBE  growth  of  /.nSvTc  an  (iu.^s  and  InP 
.\uh.siraie.s 

The  ZnSoTe  layers  are  grown  in  a  conventional 
2.100  Riber  MBH  system  equipped  with  elemental 
sources  of  Zn.  Se  and  To.  (001 )  GaAs  and  InP 
substrates  are  chemicallv  etched  in  the  standard 
H.SO:  H,0,  :  ILO  solution  of  4  :  1  :  1  and  2;  1  :  1 
respective  concentrations.  After  being  thermally 
outgased  at  .100  and  200  °C  respectively.  GaAs 
and  InP  substrates  are  transferred  into  the  11  VI 
MBF  chamber  for  thermal  deoxidation,  with  no 
impinging  fluxe.s.  monitored  by  reflection  high 
energy  electron  diffraction  (RHKF.D).  After  ther¬ 
mal  desorption  of  the  oxide  at  =  580°C'.  GaAs 
presents  a  superposition  of  the  (.1x1)  and  (4  x  6) 
surface  reconstructions.  For  InP  substrates,  the 
thermal  deoxidation  cK'Curs  at  =  400  420  °C  pro¬ 
viding  a  (2  X  4)  surface  reconstruction. 

Growth  temperatures  from  270  to  400  °C'  have 
been  u.sed  for  growing  ZnSeTe  on  both  GaAs  and 
InP  substrates.  Vl-rich  conditions  ensured  by  Sc 
and  Te  excess  have  first  been  used  giving  a  (2  x  1) 


surface  reconstruction  during  the  growth  of  the 
ternary.  For  growth  temperatures  of  270  to  350°  C, 
a  Vl/ll  flux  ratio  of  5  is  enough  to  ensure  a 
(2x1)  surface  reconstruction,  while  for  higher 
temperatures  of  350  to  400° C  the  ratio  Vl/II  is 
increased  to  10.  Various  Se/Te  ratios  have  been 
used  depending  on  the  desired  composition  of  the 
ternary.  When  the  growth  is  started  on  a  GaAs 
.substrate  presenting  the  superposition  of  (3x1) 
and  (4  X  6)  surface  reconstructions,  the  RHEED 
pattern  shows  a  three-dimensional  transition  of 
0-30  A  possibly  due  to  the  lattice  relaxation. 
Then,  abruptly,  the  RHEED  pattern  presents  a 
nice  and  streaky  (2x1)  surface  reconstruction. 
When  the  growth  is  started  on  an  InP  substrate, 
presenting  a  (2x4)  surface  reconstruction,  the 
RHEED  becomes  three-dimensional  over  the  [1 10] 
direction  while  the  perpendicular  axis  only  shows 
the  bulk  diffraction  lines,  giving  a  (oc  X  1) 
RHEED  pattern.  This  disorder  observed  on  the 
first  axis  finally  disappears  giving  way  to  the  usual 
(2x1)  reconstruction.  The  higher  the  substrate 
temperature  is  when  the  growth  is  started,  the 
longer  the  transition  time  from  ( x  x  I )  to  (2  x  I ). 
This  may  be  due  to  the  outdiffusion  of  In  from  the 
InP  substrate  maintained  at  high  temperature  un¬ 
der  UHV.  This  interpretation  is  supported  by 
observation  of  a  broadened  InP  absorption  edge 
in  PC  .spectra.  Independently  of  the  final  growth 
temperature,  we  always  start  the  growth  at  270  °  C 
in  order  to  limit  the  transition  region  and  after  the 
RHEED  pattern  recovers  the  temperature  can  be 
increased  to  the  final  growth  temperature. 

A  second  set  of  samples  has  been  grown  on 
GaAs  and  InP  substrates  in  Zn-rich  conditions 
where  the  flux  ratio  Vl/Il  =  (Se  +  Te)/Zn  is  equal 
to  0.3  1.  A  c(2  X  2)  surface  reconstruction  ap¬ 
pears  very  sixvn  after  the  growth  is  started.  How¬ 
ever.  if  the  temperature  is  lower  than  or  equal  to 
.100  °C,  ZnSeTe  becomes  amorphous  as  shown  by 
the  circles  observed  on  the  RHEED  pattern.  This 
is  probably  due  to  a  lower  migration  of  the  differ¬ 
ent  species  at  the  surface  of  the  growing  crystal 
under  Zn-rich  conditions  compared  to  the  growth 
achieved  under  an  overpressure  of  (Se.Te).  The 
temperature  has  therefore  to  be  higher  than  ,300  °C 
to  grviw  monocrystalline  material.  After  about  1.5 
Hm.  the  c(2  x  2)  RHEED  pattern  slowly  degrades 
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from  streaky  to  spotty  but  always  keeping  the 
surface  reconstruction.  This  may  be  due  to  a 
rougher  growth  front  of  the  layer  which  does  not 
however  prevent  the  growth  of  a  final  good  (100) 
crystal. 

2.2.  X-ray  measurements 

The  bulk  composition  X^^  is  measured  by  X-ray 
diffraction.  Fig.  la  shows  the  predicted  concentra¬ 
tion  calculated  from  the  Se/Te  flux  ratio  A',  = 
T  re/(T  if  +  <Psc)  versus  It  can  be  seen  that  the 
A'h  of  the  ternary  grown  on  either  GaAs  or  InP  is 
not  proportional  to  X,.  In  fact,  these  samples  have 
been  grown  in  element  VI  overpressure,  which 
means  that  Se  and  Te  are  in  competition  for  their 
incorporation.  This  competition  leads  to  ternaries 
leaner  than  expected  in  Te.  The  growth  conditions 
have  therefore  to  be  modified  to  control  the  ternary 
composition  in  a  reproducible  way.  A  second  set 
of  samples  has  been  grown  under  Zn-rich  over¬ 
pressure.  the  conditions  being  described  in  the 
previous  section.  The  values  of  the  composition 
are  reported  in  fig.  lb  and  A,,  is  in  very  close 
agreement  with  A',.  In  fact  when  the  growth  is 
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Fig.  2.  Difference  of  the  predicted  Te  concentration  calculated 
from  the  Se/Te  flu.x  ratio  .V^  and  the  bulk  concentration  A/ 
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carried  out  in  Zn-rich  conditions,  both  Se  and  Te 
are  incorporated  with  no  competition,  as  long  as 
the  sticking  coefficient  of  Se  and  Te  is  near  1. 

We  report  in  fig.  2  the  difference  between  .V, 
and  ,Vh  as  a  function  of  the  growth  temperature. 
As  we  can  observe  .V,  -  .V,,  increa.ses  with  the 
growth  temperature  when  the  sample  is  grown 
under  (Se.Te)-rich  composition.  An  increase  of  the 
overpressure  from  4-6  to  10-12  is  not  sufficient 
to  limit  this  difference.  The  samples  grown  are 
leaner  in  Te  for  higher  temperature  which  is  con¬ 
sistent  with  the  thermodynamic  values  of  heat  of 
vaporization  of  ZnTe  (152  kcal/mol)  compared  to 
ZnSe  (175  kcal/mol)  [11).  On  the  other  hand, 
when  the  samples  are  grown  under  Zn-rich  condi¬ 
tions.  the  difference  (  A",  -  A\. )  averages  zero,  espe¬ 
cially  when  the  (Se  Te)/Zn  ratio  is  equal  to 
0.3  0.4.  Under  Zn-rich  conditions  the  (Se.Te)  de- 
.sorption  is  therefore  negligible.  This  observation  is 
consistent  with  the  lower  mobility  observed  at  the 
surface  of  ZnSeTe  under  Zn-rich  conditions  than 
under  (Se,Te)-rich  conditions. 

The  X-ray  full  width  at  half  maximum  (FWHM) 
does  not  .seem  to  vary  directly  with  the  growth 
temperature  or  the  flu.xes.  The  measurements  have 
been  done  with  a  single  crystal  X-ray  apparatus 
where  the  GaAs  or  InP  substrates  present  a 
FWHM  of  2(X)  250  arc  sec.  The  FWHMs  of  the 
ZnSeTe  layers  are  typically  of  500  600  arc  .sec.  the 
best  being  about  300  arc  .sec  for  low  Te  content 
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Fig.  3.  Bandgap  energy  variation  versus  the  Te  coneentration 
at  room  and  low  (5  K)  temperature. 

(0-2%)  or  perfectly  lattice  matched  ternary  on  InP 
substrates. 

2.3.  Electrical  and  optical  measurements- 

The  variation  of  the  bandgap  with  the  con¬ 
centration  of  these  ZnSeTe  layers  has  been  mea¬ 
sured  at  room  temperature  by  PC  measurements 
and  at  low  temperature  (5  K)  by  reflectivity  mea¬ 
surements.  Fig.  3  presents  the  variation  of  the 
bandgap  versus  the  Te  concentration  at  room  and 
low  temperature.  A  very  strong  bowing  is  ob- 
.served.  presenting  a  minimum  at  about  2.05  eV  at 
room  temperature  at  .v(Te)  =  0.65.  The  ternary 
ZnSeTe  presents  therefore  a  wide  bandgap  varia¬ 
tion  from  2.73  eV  for  ZnSe  (blue)  to  2.05  eV  for 
ZnSe,,  ,^Te||^5  (yellow).  Low  temperature  (5  K) 
photoluminescence  measurements  have  been  per¬ 
formed  using  an  Ar  la.ser  operating  at  488  nm  on 
ZnSe,  ^Te,  for  .v>0.15.  Spectra  arc  dominated 
by  a  transition  involving  an  impurity,  the  depth  of 
which  varies  with  composition.  The  linewidth  of 
this  transition  decreases  regularly  from  150  to  12 
meV  for  a  Te  concentration  increasing  from  =  0.2 
to  0.8.  Details  of  this  effect  will  be  reported 
elsewhere. 

Raman  .scattering  has  been  performed  on  these 
ZnSeTe  layers.  The  line  width  of  the  Raman  line, 
providing  an  indication  of  the  crystalline  quality 
of  the  alloy,  presents  a  maximum  of  15  cm  '  for 
Te  concentration  of  40%.  For  lower  or  higher 
concentrations,  it  decrea.ses  momJtonically  to  6 


cm"'  obtained  for  pure  ZnSe  and  ZnTe.  This 
shows  that  for  concentrations  close  to  50%,  the 
crystalline  quality  of  the  alloy  may  be  perturbed, 
probably  related  to  the  very  big  difference  be¬ 
tween  the  bond  length  of  the  two  binaries  and  the 
.strains  involved  in  the  ternary.  Further  investiga¬ 
tion  of  these  results  will  be  detailed  elsewhere. 


3.  MBE  growth  and  characterization  of  ZnSe/ 
ZnTe  .superlattices 

J.l.  MBE  growth  of  ZnSe /  ZnTe  on  GaAs  and  InP 
substrate 

ZnSe/ZnTe  superlattices  have  been  grown  un¬ 
der  Vl-rich  conditions,  at  growth  temperatures  of 
270  to  300 °C  on  InP  and  GaAs  substrates.  The 
flux  ratio,s  used  are  4-5  for  ZnTe  and  5-6  for 
ZnSe.  The  growth  rate  was  monitored  with  the  Zn 
flux  remaining  constant  throughout  the  super¬ 
lattice  growth.  The  superlaltices  grown  are  con¬ 
stituted  of  equal  thicknesses  d  of  ZnSe  and  ZnTe. 
ranging  nominally  from  15  to  90  A.  The  growth 
has  been  started  at  270  °C.  On  GaAs  substrates  a 
very  short  transition  0-15  A  is  observed  between 
the  initial  (3  x  1 ) -i- (4  x  6)  GaAs  surface  recon¬ 
struction  and  the  (2x1)  surface  reconstruction 
observed  during  the  growth  of  the  superlattice. 
When  15/15  or  30/30  A  layers  are  grown  the 
RHEED  shows  a  good  (2x1)  surface  reconstruc¬ 
tion.  For  45/45  A  and  up  to  90/90  A  the  RFIEED 
IS  still  streaky  but  the  bulk  lines  are  somewhat 
broadened  indicating  the  beginning  of  some  dis¬ 
order.  This  can  be  due  to  the  partial  relaxation  of 
the  layers  over  the  substrate. 

3.2.  Electrical  and  optical  measurements 

For  d  <  45  A  PC  and  Raman  .scattering  have 
been  performed.  A  strong  ab.sorption  around  1.8 
eV  is  observed  by  PC.  well  below  the  binaries 
bandgap  energies  supporting  the  hypothesis  that 
ZnSe/ZnTe  is  a  type  II  superlattice.  The  .same 
45/45  nominal  ZnSe/ZnTe  superlattice  grown  on 
fjaAs  and  InP  substrates  has  been  studied  by 
Raman  .scattering.  The  similarity  between  the  pho¬ 
non  frequencies  suggests  that  the  superlattice  is  in 
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a  free  standard  configuration.  [12]  Both  Raman 
scattering  and  photoluminescence  show  that  for 
d  >  45  A  the  quality  of  the  material  decreases. 
This  is  due  to  the  partial  relaxation  of  the  strains 
of  the  two  binaries  as  shown  by  Raman  scattering, 
leading  to  the  generation  of  dislocations  at  the 
interface. 


4.  Conclusion 

We  have  presented  here  the  growth  of 
ZnSe, .  ,Te,  layers  of  good  crystallinity  on  both 
GaAs  and  InP  substrates.  The  layers  grown  on 
either  substrate  are  very  rapidly  relaxed.  Repro¬ 
ducible  composition  can  be  obtained  over  the 
entire  range  0  <  .v  <  1  w'hen  the  layers  are  grown 
under  Zn-rich  conditions  at  temperatures  between 
.120  and  400  °  C.  These  layers  have  been  mea.sured 
by  room  temperature  PC.  showing  a  very  strong 
bowing  in  the  variation  of  the  bandgap  with  the 
composition.  Now  that  good  quality  material  can 
be  achieved,  doping  studies  are  in  process. 
ZnSe/ZnTe  superlatlices  constituted  of  equal 
thicknesses  d  of  both  binaries  have  al.so  been 
studied.  For  d  <  45  A.  a  strong  absorption  is 
observed  at  around  1.8  eV  supporting  a  type  II 
superlattice.  Raman  scattering  indicates  that  these 
superlattices  are  in  free-standing  configuration 
whereas  for  d  >  45  A.  the  superlattices  begin  to 
relax. 
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In  thi-.  paper  wc  describe  a  senes  of  MnTe  C'dTe  Mnle  and  Mn'Ie  InSh  MnCe  single  quanium  well  siruelures.  For  the  (  die 
quantum  wells  we  report  the  observation  of  lumincseenee  covering  the  entire  visible  range  from  red  to  blue;  a  quanti/ed  state  in  the 
InSb  well  is  used  to  implement  resonant  tunneling.  X-rav  diffraction  and  transmission  electron  microscopv  iTF.Ml  were  used  to 
evaluate  the  microstructural  qualitv  of  the  structures.  Dark-field  TFM  showed  that,  in  spite  of  the  2.yi  lattice  mismatch,  the  Mnle 
lasers  remained  pseudvimorphic  and  dislocation-free.  Fligh  resolution  images  (also  used  It'  ilelermine  dimensional  details!  indicated 
that  the  interfiles  were  atomicallv  abrupt,  and  that  the  CdTe  and  InSb  wells  were  essentiallv  unstrained  m  each  of  ihe  structures; 
most  of  the  strativ  was  contained  in  the  Mnle  harrier  layers.  Optical  properties  of  the  single  quantum  well  structures  have  been 
studied  using  photoluminescence  and  photoluminescence  excitation  spectroscopy.  Blue  luminescence  at  2. s'!  e\  i  ii  -  I  transition)  has 
been  observed  troni  .1  structure  with  a  10  .-X  C'dTe  well.  The  negative  differential  resistance  I'bserved  from  Mnle  InSb  resiin.int 
tunneling  structures  represents,  to  our  knowledge.  Ihe  first  report  of  a  dimensionallv  quanli/ed  stale  m  InSb. 


1.  Introduction 

This  paper  dcscrihes  the  grow  ih  and  ev  aluation 
of  quantum  structures  inev'rporating  the  nietasta- 
blc  /ineblendc  phase  of  MnTe.  The  MBF.  growth 
technique  enables  single  crystal  growth  of  the 
/ineblende  phase  [1.2|.  whereas  bulk-grown 
crystals  I'f  MnTe  exhibit  the  hexagonal  NiAs 
crystal  structure  [.f|.  The  difference  in  bandgap 
energy  between  the  two  crystal  structures  is 
dramatic,  the  Ni.As  phase  has  an  optical  bandgap 
of  1..^  eV  while  the  bandgap  of  the  /.ineblende 
phase  is  .^.IS  e\'  at  10  K  [1.4|  which  is  in  the  near 
ultraviolet  portion  of  the  spectrum.  The  moliva- 
tion  fivr  the  research  reported  here  is  the  develop¬ 
ment  of  a  suitable  widegap  semiconductor  to  serve 

*  Pcrm.inent  uddress  Tokvn  Institute  of  Technology.  Tokyo 
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as  the  barrier  layer  to  quantum  well  structures  in 
the  lattice  constant  range  of  InSb  and  CdTe.  Kpi- 
layers  of  zincblende  MnTe  are  grown  up  to  a 
thickness  of  0.5  jam.  while  a  series  of  strained 
single  quantum  wells  are  fabricated  with  MnTe 
forming  widegap  barrier  layers  for  quantum  wells 
of  CdTe.  ZnTe.  and  InSb.  The  microstructure  of 
the  MnTe  epilayers  and  quantum  yvell  structures  is 
characterized  using  transmission  electron  mi¬ 
croscopy  (TF.M)  and  X-ray  diffraction;  ivptical 
properties  are  determined  using  a  combination  of 
reflectance,  photoluminescence  (PL).  Raman,  and 
resonant  Raman  spectroscopies. 


2.  CdTe /MnTe  single  quantum  well  structures 

The  structures  having  CdTe  quantum  wells  were 
grown  on  InSb  substrates  with  a  buffer  layer  of 
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InSb.  Preparation  of  the  CdTe  and  InSb  sub¬ 
strates  used  in  this  work  has  been  described  previ¬ 
ously  [5.6],  The  InSb  buffer  layer  was  grown  in  a 
III-V  growth  chamber  of  the  modular  MBE  sys¬ 
tem.  and  transferred  under  ultrahigh  vacuum  to  a 
.second  chamber  for  the  growth  of  the  MnTe  and 
CdTe  epilayers.  The  InSb  buffer  layer  was  grown 
on  the  InSb  substrate  to  provide  an  optimal  surface 
prior  to  nucleation  of  the  CdTe  buffer  layer  at 
200'^C.  During  the  growth  of  the  CdTe  buffer 
layer,  the  substrate  temperature  was  raised  to 
.^00°C  for  the  subsequent  growth  of  the 
.MnTe,  CdTe  quantum  well  structure.  The  CdTe 
layers  were  grown  at  a  rate  of  1.2  A/s  using  a 
compound  source,  while  the  MnTe  was  grown  at  a 
rate  of  1.1  A,  s  from  elemental  .sources  at  a  unity 
cation .  anion  flux  ratio.  Flux  measurements  were 
performed  using  a  quartz  crystal  monitor  posi¬ 
tioned  near  the  substrate  position. 

During  the  sequential  growth  of  barrier  and 
well  layers  for  the  MnTe/CdTe  structures,  the 
RHF.HD  patterns  appeared  to  be  virtually  un¬ 
changed  as  the  layers  were  alternated,  with  each 
exhibiting  a  (2x1)  reconstruction  suggesting  an 
aniim  stabilized  surface  [7|,  TEM  measurements 
were  used  to  determine  the  MnTe  barrier  layer 
thickness. 

TFM  obsersations  of  the  single  quantum  well 
structures  were  made  using  1010|  and  [Oil]  cross- 
sectional  samples.  For  the  preparation  of  cross- 
sectional  samples,  iodine  ions  were  used  at  the 
final  stage  of  ion  thinning  in  order  to  reduce 
damage  in  the  CdTe  crystals.  Although  the  sam¬ 
ples  vs  ere  kept  at  low  temperature  with  liquid 
nitrogen,  the  MnTe  layers  in  these  structures  were 
found  to  rapidlv  intermix  with  the  CdTe  lasers 
during  ion  thinning.  Single  quantum  well  struc¬ 
tures  were  observed  only  from  the  samples  for 
which  a  close  contact  with  the  cold  stage  of  the 
ion  milling  machine  was  carefully  maintained. 

Lattice  fringe  patterns  in  MRF.M  images  di- 
rectls  show  that  the  MnTe  layers  in  the  single 
quantum  well  structures  have  a  cubic  zmcblende 
structure  (also  confirmed  in  electron  diffraction  of 
cross-sectional  samples),  and  have  been  grown 
epitaxially  on  the  CdTe  layers.  In  the  HREM 
image,  more  distinct  20()  and  0()2  lattice  fringes 
are  seen  in  areas  of  MnTe  than  tho.se  of  CdTe  due 


to  the  larger  value  of  the  crystal  structure  factor  of 
200  type  reflections  of  MnTe.  No  misfit  disltKa- 
tions  are  observed  in  bright  field  or  dark  field 
images  of  ihe.se  single  quantum  well  structures, 
indicating  the  pseudomorphic  nature  of  MnTe/ 
CdTe  interfaces. 

In  the  .several  MnTe/CdTe/MnTe  single 
quantum  well  structures,  .spanning  CdTe  well 
thicknes.ses  from  approximately  10  to  56  A.  strong 
photoluminescence  originating  from  the  well  is 
delected  in  all  samples,  even  for  excitation  at 
energies  below  the  MnTe  barrier  layer  absorption 
edge.  (The  MnTe  barrier  layer  thickne.s.ses  are  kept 
constant  at  approximately  .75  A.)  Separate  cvptical 
reflectance  measurements  on  relatively  thick  MnTe 
films  yield  an  approximate  value  of  3.2  eV  for  the 
s-p  bandgap  at  7  =  10  K.  Thus  the  (unstrained) 
bandgap  difference  in  the  heterostructure  is  about 
1.6  eV  which  suggests  the  po.ssibility  of  strong 
confinement-induced  effects.  Direct  evidence  of 
carrier  confinement  is  indeed  apparent  in  the  sys¬ 
tematic  shift  to  higher  photon  energies  of  the  PL 
emission  with  decreasing  CdTe  quantum  well 
thickness.  Fig.  1  compares  the  experimentally  de¬ 
termined  energy  shift  of  excitonic  features  with 
the  predictions  ba.sed  on  the  calculated  transmis¬ 
sion  coefficients  [S]  through  the  double  barrier 
structure  forming  the  quantum  well.  The  calcula¬ 
tion  emplovs  a  heavy  hole  valence  band  offset  of 


Fig.  1.  The  phoioluminesccnee  energs  ^hlfl  reiaiive  to  ihc 
excilonic  hand  edge  of  CdTe  based  imi  ihe  average  energv  of 
ihe  excitonic  emission  originating  from  the  quantum  well.  (The 
error  bars  represent  the  expected  uncertainty  in  TF.M  thickness 
measurement. ) 
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340  meV  which  is  determined  from  photolumines¬ 
cence  and  photoluminescence  excitation  spec¬ 
troscopy  (PLE)  measurements  [9],  The  PLE  pro¬ 
vides  a  measure  of  the  valence  band  splitting  due 
to  the  combination  of  strain  (in  the  barriers)  and 
quantum  confinement  in  the  well.  (The  configura¬ 
tion  of  the  structure  ensures  that  the  well  is  essen¬ 
tially  strain  free.)  For  the  narrowest  well  sample 
(10  A),  an  energy  shift  (due  to  confinement)  of 
approximately  1  eV  is  realized,  corresponding  to 
photon  emission  in  the  blue.  The  PL  emission  is 
usually  composed  of  two  or  more  emission  lines 
which  are  40-60  meV  apart.  These  lines,  each 
approximately  20  meV  in  width,  are  a.ssociated 
wiili  tran.sitions  between  n  =  \  confined  valence 
band  states  and  the  n  —  1  conduction  band  state. 
Since  the  spectral  peaks  show  the  same  sign  of 
circular  polarization  in  an  external  magnetic  field, 
it  is  likely  that  they  are  associated  with  the  .same 
hole  state.  We  presently  attribute  the  peaks  to 
monolayer  scale  fluctuations  in  the  quantum  well 
width.  Important  ingredients  acting  to  shape  the 
photolumine.scence  features  are  the  operative  band 
offsets,  including  the  role  of  the  large  lattice  con¬ 
stant  mismatch  (2.3T).  the  degree  and  nature  of 
exciton  binding,  the  exchange  of  electron-hole 
states  with  the  Mn  ion  d-electron  moments,  and 
possible  deviations  from  an  ideal  square  well  due 
to  interfacial  steps.  We  mention  in  passing  that 
the  temperature  dependence  of  the  PL  linewidth 
has  given  us  a  quantitative  measure  of  the  exci¬ 


ton -LO  phonon  interaction  in  this  quantum  well 
system  [9], 


3.  InSb  /  MnTe  resonant  tunneling  structures 

In  addition  to  incorporation  in  the  CdTe 
quantum  well  structures,  zincblende  MnTe  has 
also  been  applied  to  InSb-based  quantum  well 
structures  which,  due  to  the  lack  of  appropriate 
barrier  materials,  have  eluded  realization.  Study  of 
the  InSb/MnTe  heterovalent  tunneling  structures 
was  motivated  by  the  potential  application  of  res¬ 
onant  tunneling  at  high  frequencies  (InSb  has  the 
highe.st  electron  mobility  of  the  conventional  semi¬ 
conductors).  with  improved  device  performance  at 
room  temperature.  Computer  simulations  of 
InSb/MnTe  double  barrier  resonant  tunneling  has 
been  performed  using  a  two-band  model  of  elec¬ 
tron  dispersion  in  the  band  gap  with  the  inclusion 
of  the  nonparabolicity  of  the  InSb  band  structure 
(10-12],  A  .sample  calculation  predicted  peak-to- 
valley  ratio  of  the  order  of  .several  thousand,  and 
peak  current  densities  of  5  x  lO'  A/cm’  from  a 
particular  InSb/MnTe  resonant  tunneling  struc¬ 
ture  with  barrier  and  well  dimensions  of  20  and  50 
A.  respectively.  The  current  ■  voltage  (/-L)  char¬ 
acteristics  were  expected  to  remain  approximately 
the  same  between  77  K  and  room  temperature; 
the  conduction  band  barriers  formed  by  zinch- 
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lende  MnTe  (with  an  estimated  band  offset  of  1.86 
eV  [‘1,13])  block  most  of  the  thermionic  current. 

The  film  growth  was  started  in  a  IIl-V  growth 
chamber  where  an  InSb  buffer  layer  was  grown  on 
a  (100)  InSb  substrate  at  a  temperature  of  420‘'C. 
The  sample  was  sub.sequently  transferred  under 
ultrahigh  v  acuum  to  another  growth  chamber  (u.sed 
for  the  CdTe  quantum  well  structures  described 
above)  in  which  the  InSb /MnTe  resonant  tunnel¬ 
ing  structures  were  grown  using  elemental  .sources 
at  a  substrate  temperature  of  300°C,  An  antimony 
cracker  was  employed  to  aid  in  the  low  tempera¬ 
ture  growth  of  the  InSb  quantum  well  and  cap 
layers.  Resonant  tunneling  structures  consisting  of 
MnTe /InSb/ MnTe  layers  were  grown  by  alterna¬ 
tively  opening  and  closing  the  shutters  without 
interruption  of  the  growth.  Fig.  2  shows  a  200 
dark  field  image  of  a  InSb/MnTe  resonant  tun¬ 
neling  structure.  The  barrier  and  well  thicknesses 
were  measured  to  he  35  and  70  A,  respectively, 
which  agreed  with  the  dimension  estimated  from 
the  growth  rate.  The  image  reveals  the  high  micro- 
structural  quality  of  the  resonant  tunneling  struc¬ 
ture  with  abrupt  and  smooth  interfaces.  DisUx-a- 
lions  were  not  observed  in  any  imaged  area  of  the 
sample. 

Divides  are  fabricated  by  evaporating  Ti/Au  on 
the  InSb  cap  layer,  followed  by  the  etching  of 
mesa  structures.  The  /  T' characteristics  are  mea¬ 
sured  at  various  temperatures.  Preliminary  I  V 
results  employing  pul.se  measurement  (to  avoid 
sample  heating)  are  shown  in  fig.  3.  A  peak-to-val- 
ley  raliv)  of  1.7.  1  is  ob.served  at  77  K  with  a  peak 
current  density  of  980  A/cm',  A.symmetry  about 
the  origin  in  the  l-V  characteristics  is  observed 
with  the  resonant  peak  appearing  at  a  higher 
voltage  for  the  reverse  bias  condition  compared  to 
the  forward  bias  condition.  For  these  initial  .sam¬ 
ples  tested,  the  negative  differential  resistance  be¬ 
comes  less  pronounced  with  increasing  tempera¬ 
ture.  and  disappears  at  about  140  K.  The  origin  of 
the  deviation  of  the  /-  V  characteri.stics  from  theo¬ 
retical  predictions  is  not  yet  known,  and  is  still 
under  investigation.  One  could  speculate  about 
such  factors  as  interface  .scattering  (MnTe/InSb 
interfaces  have  not  been  previously  reported), 
leakage  current  paths  along  the  side  wall  of  the 
etched  mesas,  etc.  In  any  case,  to  our  knowledge. 
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Fig.  3.  y  -  r  characleri.s’  j  of  ihe  InSb/MnTe  resonant  tunnel¬ 
ing  structure.  The  mca.surement  i.v  carrieJ  out  al  77  K, 


the  re.sonant  tunneling  represents  the  first  report 
of  a  quantized  state  in  InSb. 


4.  Summary 


In  summary,  the  MBH  growth  technique  has 
presented  an  opportunity  for  the  growth  and  study 
of  novel  structures  incorporating  the  previously 
hypothetical  magnetic  semiconductor,  zincblende 
MnTe,  The  MnTe  layers  were  used  in  the  forma¬ 
tion  of  single  quantum  well  structures  which  ex¬ 
hibited  strong  electron  and  hole  confinement.  Blue 
luminescence  at  2.59  eV  (/i  =  l  transition)  has 
been  observed  from  a  10  .A  CdTe  well  which  is  the 
largest  confinement  induced  shift  in  quantum  well 
structures  reported  so  far.  A  dimensionally  quan¬ 
tized  state  in  InSb  was  observed  from  the 
InSb/MnTe  resonant  tunneling  structure. 
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Molecular  beam  epitaxy  ha,s  been  successfully  employed  to  grow  n-iype  ZnSe :  Cl  epilayers  on  ( 100)  GaAs  substrates  at  115° C . 
The  ZnSe  Cl  epilavers  are  highly  conducting  and  exhibit  bright  blue-violet  edge  lumine.scence  at  rtmm  temperature.  A  Hall  mobility 
of  2480  cmvA  ’s  at  40  K  Nvas  measured  for  an  n-type  ZnSe: Cl  film  doped  to  a  level  of  '  .W  lO’  cm  '  and  for  which  a 
compen,sation  ratio  V^  /  Vn  “•  calculated.  C  arrier  concentrations  as  large  as  7  v  cm  '  were  obtained  by  increasing  the 

temperature  of  the  MBF  oven  containing  the  C'l  dopant.  p-Type  ZnSe  films  were  prepared  using  I.i  as  a  substitutional  dopant  The 
ZnSe:  Li  films  exhibit  phoiolumincscence  spectra  at  4  K  dominated  by  an  acceptor-bound  exciton  peak  at  2,791  eV.  providing  clear 
evidence  of  p-type  doping. 


I.  Introduction 

ZnSe  is  a  wide  band  gap  II  VI  .semiconductor 
that  is  currently  under  investigation  in  a  number 
of  labc'ratories  throughout  the  world.  Its  room 
temperature  band  gap  of  ~  2.7  eV'  makes  it  an 
attractive  candidate  for  the  fabrication  blue  light 
emitting  devices  [1.2).  Although  p-type  doping  is 
currently  the  major  obstacle  in  making  .such  de¬ 
vices,  efficient  activation  of  n-type  dopants  is  of 
equal  importance,  particularly  if  blue  light  emit¬ 
ting  semiconductor  lasers  are  to  be  developed. 
n-Type  doping  is  al,so  required  for  other  related 
devices  such  as  optical  modulators,  transistor 
amplifiers,  and  diode  detectors  which  together 
might  form  the  basis  of  a  new  blue-green  optoe¬ 
lectronics  technology.  Recent  investigations  by 
MBH  [-7]  and  MOVPE  [4|  have  shown  that  very 
high  n-type  doping  levels  can  be  achieved  in  ZnSe 
films  using  group  VII  elements  as  dopants.  How¬ 
ever.  the  samples  reported  to  date  generally  ex¬ 
hibit  low  Hall  mobilities  compared  to  n-type 
ZnSe :  Ga  doped  films  [2].  In  this  paper  we  report 
the  successful  MBE  growth  of  high  quality  n-type 
ZnSe ;  Cl  films  at  low  temperatures.  The  films 
exhibit  excellent  electrical  and  optical  properties. 
p-Type  ZnSe  layers  were  also  obtained  by  using 
LI  as  a  substitutional  dopant  [5). 


2.  Experimental  details 

The  ZnSe  ;  Cl  samples  were  grown  in  an  MBE 
system  designed  and  built  at  North  Carolina  State 
University  (NCSU)  [6).  The  growth  chamber  has  a 
ba.se  pressure  of  6  x  10  "  Torr  and  is  equipped 
with  seven  MBE  sources.  The  MBE  sources  fea¬ 
ture  special  two-temperature-zone  furnaces,  desig¬ 
ned  and  constructed  at  NCSU  specifically  for  the 
growth  of  II  VI  materials,  which  are  capable  of 
producing  highly  stable  beam  fluxes  [7].  To 
calibrate  the  molecular  beam  flux  density  from 
each  of  the  primary  MBE  ovens,  films  were  de¬ 
posited  at  room  temperature  and  their  thicknesses 
were  measured.  The  beam  flux  was  calculated 
assuming  unity  sticking  coefficient  and  correlated 
with  the  beam  equivalent  pressure  (BEP)  mea¬ 
sured  with  a  nude  ion  gauge  at  the  exact  location 
of  the  substrate  [6).  Both  the  Zn  and  Se  source 
beams  were  calibrated  in  this  way  so  that  an 
accurate  beam  flux  ratio  (BFR)  could  be  obtained. 
High  purity  (6N  grade)  Zn  and  Se  were  u.sed  as 
primary  source  materials,  and  ultra  dry  ZnCIj 
(5N  grade)  and  Li  metal  (3N  grade)  were  used  as 
n-type  and  p-type  dopant  sources,  respectively. 

As  (using  a  Zn,Asj  source)  and  O  (using  a 
ZnO  source)  were  also  investigated  as  potential 
p-type  dopants.  However,  our  results  for  these 
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added  impurities  are  discouraging  to  date  we 
have  obtained  no  evidence  for  p-type  doping  of 
ZnSe  using  either  As  or  O  for  the  film  growth 
conditions  that  we  have  employed. 

Semi-insulating  (100)  GaAs  wafers  were  used 
as  substrates.  Prior  to  MBE  film  growth,  the  GaAs 
substrate  was  first  degreased  in  standard  solvents 
and  then  etched  in  an  H,SOj  :  :  H,()  (8:1:1) 

solution  at  0°C  for  .1  min.  The  .substrate  was 
preheated  to  580° C  for  10  min  in  the  MBE  .sys¬ 
tem  to  de.sorb  the  surface  oxide. 

The  ZnSe :  Cl  epilayers  were  characterized  by 
means  of  Hall  effect  and  photoluminescence  (PL) 
siudie.s.  It  was  not  possible  for  us  to  complete  Hall 
effect  studies  on  the  ZnSe  :  Li  samples  becau.se  of 
problems  a.ssociated  with  non-ohmic  contacts.  The 
ZnSe ;  Li  films  were,  however,  investigated  by 
means  of  k)w  temperature  photoluminescence  (PL) 
studies.  The  PL  was  excited  using  the  360  nm  L'V 
output  from  an  Ar  '  ion  laser  and  was  measured 
using  a  SPEX  1403  double  monochromator 
equipped  with  a  GaAs  photomultiplier  tube  and 
computer-controlled  photon  counting  electronics. 
Douhle-crsstal  X-ra>  diffraction  rsK-king  curve 
measurements  were  completed  to  assess  the  struct¬ 
ural  perfection  of  the  doped  epilayers. 

3.  Results  and  disctissiiin 

In  order  to  achieve  high  qualitv  electrical  and 
optical  properties,  we  found  it  necessarv  to  use 
relativelv  low  growth  temperatures  and  to  main¬ 
tain  the  proper  stoichiometrv  of  the  surface  during 
film  growth.  Grow  th  mechanisms  of  II  VI  materi¬ 
als  have  been  studied  bv  several  groups  (8.‘1|.  In  a 
recent  study.  Zhu  et  al.  |9)  showed  that  the  film 
growth  rate  is  influenced  bv  the  Se  desorption 
from  the  growing  surface  into  the  precursor  states 
when  the  Zn-to-Se  beam  flux  ratio  ( B1  R)  is  greater 
than  1.  When  the  BER  <  1.  the  growth  rate  is 
influenced  bv  both  Zn  and  Se  desorption.  Phus.  it 
appears  that  it  mav  be  easier  to  control  the  surface 
stoichiometry  bv  using  BF-R  >  1.  This  generallv 
requires  lower  gri>wth  temperatures  (  <  275  °C  ). 

We  have  grown  ZnSe  films  at  225  275 °C  with 
Zn-to-Se  Bf'R  ranging  from  0.5  to  2.  Under  Se-rich 
conditions  (BF'R<  1).  the  films  exhibit  relativelv 


poor  surface  morphologies  and  broad  X-ray  rock¬ 
ing  curves.  In  contrast,  films  grown  at  225-275 °C 
under  Zn-rich  conditions  exhibit  mirror-like  sur¬ 
faces.  Double-crystal  X-ray  rocking  curves  for 
films  2-3  /rm  thick  typically  exhibit  full-widths- 
at-half-maxima  (FWHMs)  of  -  150  arc  sec. 

.1. /.  n-Type  ZnSe :  Cl  films 

ZnSe:  Cl  films  grown  under  Zn-rich  conditions 
exhibit  low  resistivity.  Room  temperature  carrier 
concentrations  ranging  from  1.5  X  10'^  cm  '  to 
6.7  X  10'“'  cm  ■  have  been  reproducibly  obtained 
by  varying  the  ZnCI ,  oven  temperature.  Hall  data 
for  a  degenerately-doped  sample  C21  exhibits  a 
constant  carrier  concentration  of  -  6.7  x  10'^ 
cm  '.  independent  of  temperature.  The  electron 
mobility  Mp  =  1^11  enr/V  ■  s  is  also  independent  of 
temperature. 

The  carrier  concentration  of  moderately-doped 
samples  (such  as  C'35  in  fig.  1 )  is.  however,  clearly 
activated  over  the  temperature  range  from  20  to 
300  K.  In  order  to  determine  the  compensation 
ratio  and  donor  ionization  energy,  we  have  calcu¬ 
lated  the  carrier  concentration  by  solving  the 
charge-neutrality  equation  assuming  non-degener¬ 
ate  statistics  1 10).  The  conduction  band  effective 
mass  was  taken  to  be  0.17.  The  solid  curve  in  fig.  1 
shows  the  best  fit  which  was  obtained  using  a 
ilonor  ivinization  energy  /;|,=  16.5  meV'.  a  donor 
density  .V|,=  2.3xl0'  cm  '.  and  an  acceptor 
density  .V^  =  6.0  x  lO''  cm  \  The  low  compensa- 


l  EMl'ERMT  R1  (K) 

Hg.  1  flail  dala  and  ihcorclical  curves  li'r  mixicratcK  doped 
/nSe :  C!  film. 
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tion  ratio  (  <  4*? )  provides  clear  evidence  of  the 
exceptional  electrical  quality  of  this  ZnSe  ;  Cl  sam¬ 
ple. 

Sample  C35  exhibits  a  room  temperature  mo¬ 
bility  of  485  cm'/V  •  s  and  a  maximum  mobility 
of  2480  cm’/V  •  s  at  40 °C.  as  shown  in  fig.  I.  To 
our  knowledge,  this  is  the  highest  mobility  ever 
obtained  for  n-type  ZnSe  doped  to  this  concentra¬ 
tion  by  any  technique.  To  further  analyze  the 
data,  we  calculated  the  electron  mobility  by 
numerically  solving  the  Boltzmann  equation  using 
the  iteration  method  [11.12|.  Four  .scattering 
mechanisms  were  taken  into  account,  including 
polar  mode  phonon  scattering,  acoustic  mode  (de¬ 
formation  potential  coupling),  acoustic  mode  (pi¬ 
ezoelectric  coupling),  and  ionized  impurity  scatter¬ 
ing.  The  result  of  this  mobility  calculation  is  shown 
as  the  solid  curve  in  fig.  I.  The  impurity  con¬ 
centration  for  the  mobilitv  calculation  was 

taken  to  be  2.V^  +  n,,  11.3|.  where  .\/  is  the  accep¬ 
tor  concentration  and  n,,  is  the  equilibrium  elec¬ 
tron  concentration.  Both  n,,  and  .V.^  were  ob¬ 
tained  from  the  carrier  concentration  analvsis  de¬ 
scribed  above.  Note  the  good  agreement  between 
the  theoretical  calculation  and  experimental  data, 
supporting  the  low  compensation  ratio  obtained 
from  the  carrier  concentration  analysis. 

T  he  4.2  K  PL.  spectra  of  the  ZnSe :  C  I  films  is 
dominated  hv  a  donor-bound  exciton  D".  .\  peak 
at  2.796  2.797  eV.  depending  on  the  doping  level. 
The  fact  that  both  the  free  exciton  and  deep  level 
emissions  are  absent,  but  the  D".  .X  line  remains 
narrow  (FWUM  -6.2  meV).  implies  that  the  CT 
atoms  have  been  successfullv  incorporated  into 
the  ZnSe  lattice  at  tetrahedral  sites,  in  accord  with 
the  electrical  results  described  above.  At  it()()  K. 
the  PI.  spectrum  of  the  ZnSe  :  (T  films  is 
dominated  bv  a  strong  near-band-edge  emission 
peak  centeied  at  2.69.7  eV.  This  peak  energy  is 
consistent  with  that  reported  by  Ohkawa  et  al.  for 
(T-doped  ZnSe.  who  attributed  the  peak  to  donor- 
to-valence-band  recombination  |.7|. 

.(.2,  p-Tvpc  /.nSc :  Li  films 

The  use  of  Li  as  a  p-tvpe  dopant  produced 
immediate  positive  results,  m  marked  contrast  to 
the  use  of  As  and  ()  as  p-type  dopants.  This  is 


illustrated  by  the  PL  spectra  shown  in  fig.  2.  The 
spectrum  at  the  top  of  the  figure  is  for  an  undoped 
ZnSe  film  (C43)  and  features  a  donor-bound  exci¬ 
ton  peak  D".  X  at  2.796  eV.  along  with  a  free 
exciton  peak  at  a  higher  energy  (2.801  eV).  Next  is 
shown  a  repre.sentative  PL  spectrum  for  an  ar.senic 
doped  ZnSe  film  (C39).  Note  that  the  PL  .spec¬ 
trum  again  features  a  donor-bound  exciton  peak 
D".  X  at  2.796  eVL  but  no  evidence  of  p-type 
impurity  incorporation.  In  the  case  of  ZnSe :  O 
(C48).  the  PL  spectrum  consists  of  two  broad 
peaks  at  2.787  and  2.734  eV.  respectively.  Using 
the  film  grow  th  parameters  reported  in  this  pap  -r. 
we  have  not  been  able  to  reproduce  the  results  of 
Akimoto  ei  al.  |151  who  obtained  PL  spectra  for 
p-type  ZnSe :  O  consisting  of  an  acceptor-bound 
exciton  peak  A".  X  at  2.791  2.792  eV  and  a  main 
donoi  acceptor  pair  (DAP)  peak  at  2.715-2.722 
eV.  depending  on  the  doping  level.  In  contrast,  the 
PL  spectrum  for  a  representative  ZnSe ;  Li  film 
C'63.  shown  at  the  bottom  of  fig.  2,  displays  an 
intense  acceptor-bound  exciton  peak  A".  X  at  2.791 
eV.  providing  clear  evidence  of  p-type  doping.  In 
preparation  for  using  the  ZnSe :  Li  layers  to 
fabricate  light  emitting  diodes,  several  ZnSeiCT- 
ZnSe :  Li  double-layered  structures  were  fabri¬ 
cated. 

Fig.  3  shows  near-band-edge  4.2  K.  PL  spectra 
for  bi'th  ZnSc;CT  (C'55  A)  and  ZnSe :  Li  (C63B) 
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species.  In  contrasl,  Li  was  found  to  be  a  viable 
and  reproducible  p-type  dopa  for  ZnSe.  How¬ 
ever,  ohmic  contacts  to  p-type  ZnSe  remain  a  key 
issue  that  needs  to  be  addressed  before  detailed 
electrical  characterization  experiments  can  be 
completed. 
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films,  which  show  D",  X  and  A",  X  peak.s,  re.spec- 
tively.  At  the  bottom  of  fig.  .1  is  shown  the  PL 
spectrum  of  a  p-on-n  double  laser  consisting  of  a 
1.7  jim  thick  ZnSe :  Cl  film  onto  which  a  O.X  gm 
thick  ZnSe  .  Li  layer  was  deposited.  Note  that  in 
this  ca.se.  both  donor-hound  and  acceptor-bound 
peak.s  are  present  in  the  PL  spectrum,  indicating 
the  presence  of  both  n-type  and  p-type  impurities 
in  the  region  probed  by  the  PL  experiment.  We 
have  used  double-layers  of  this  type  to  success¬ 
fully  fabricate  blue  light  emitting  diodes  (16|. 

4.  Summary  and  conclusions 

High  quality  C'l-doped  Zn.Se  films  have  been 
grown  by  MBEr  under  Zn-rich  conditions  at  low 
temperatures  (225 °C').  The  epilayers  exhibit  mir¬ 
ror-like  surface  morphologies,  good  X-ray  riKking 
curves,  low  compensation  ratios,  high  electron  mo¬ 
bilities.  and  sharp,  bright  near-band-edge  photo¬ 
luminescence  with  minimal  deep  level  emi.s.sions. 
Our  results  provide  clear  evidence  that  Cl  is  a  very 
acceptable  and  efficient  n-type  donor  in  ZnSe 
films. 

W'e  have  not  been  able  to  demonstrate  p-tvpe 
doping  of  ZnSe  using  either  As  or  O  as  the  dopant 
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n-Type  and  p-type  conductivity  control  of  ZnSe  grown  by  metalorganic 
molecular  beam  epitaxy  using  methyliodide  and  ammonia 

Ma^ahiU'  Migita.  Akira  Taike  and  Hajime  Yamamoto 

(  1‘niral  Rt'scanh  iMr^rutun.  ffiuuhi.  l.ul,  P.O.  H<>\  2.  Kiikuhunji.  Tokvo  lt<5.  Japan 


l  iccirical  pri-ipcrticN  iif  ZnSc  ht.';niK  dtipeti  wiih  iodine  or  nilrogen  have  been  jnvesligaied.  1  (le  film  erwials  of  ZnSe  uere  grown 
hv  melaiorganie  beam  epitavv  with  nieihvliodide  or  ammonia  as  a  dopant  source.  Usdine  doping  provides  highiv  eonduetue  n-ivpe 
/nSe  with  rcsistivitv  as  hiw  as  t).OZ  U  ern  and  a  earner  concentration  of  2.2  s  lo'^  cm  '  at  room  temperature,  f  or  /.nSe  N.  ohinie 
eleetnides  have  been  formed  with  gofil  bv  annealing  at  bu  5  min  in  atmosphere.  I  he  activation  energv  of  p-ivpe 

eonduetivnv.  is  vjp.iKi  nn.‘\'  when  the  growth  temperature  <7^1  is  .^stt®(‘.  vvlnle  is  SO  UM)  meV  when  ■  4tti)°C'  The 
acceptor  concentration  .VT,  decreases  from  d  s  U)"'  i  x  ip'  to  .2  ■,  III"'  7  s  Hi'''  ^i„  '  elevated  from  .250  to  40il“(', 

However,  the  diffcisiice  between  the  acceptor  and  residual  donor  coneentralion  i  2^  V,,!  is  about  5  limes  larger  for  4()I)‘’C'  than 
for,<sii“(,  ,S|,  IS  4  ■  111''  '  for  .2511'’ (' and  2  s  111'''  4-|()‘''em  '  for  40{)'’(',  This  result  indicates  that  electrical 

properties  of  the  p-lv  pe  ZnSe  :  N  are  improved  as  increases.  l‘hololummescence  properties  of  n-ZnSe :  I  and  p-ZnSe  :  N  are  also 
reported. 


1.  Introduction 

/inc  solonidc  (ZnSci  with  a  direct  band-gap  of 

2. ’’  e\  at  RT  iv  a  promiving  tnaierial  for  fabrica- 
tivin  of  efficient  blue  LKDs  and  la.scr  diode.s.  Re- 
eentK.  there  h;i>  been  eon.siderable  progress  in 
etinduetisits  control  ftvr  n-  and  p-type  ZnSe 
through  the  use  of  low  temperature  growth  tech¬ 
niques  such  as  metaloraganic  vapor  phase  epitaxy 
(MOVPK)  1 17]  and  molecular  beam  epitaxy 
(MBb)  (K  IH[,  Utiwever.  it  is  still  controversial 
how  to  control  ctinductiv itv  well  enough  for  de¬ 
vice  application  for  both  n-  and  p-type  ZnSe. 

We  have  alreadv  reported  that  metalorganic 
molecular  beam  epitaxy  (MOMBK)  is  a  gt'od  tech¬ 
nique  for  preparing  highly  conductive  and  electri- 
callv  stable  p-lype  ZnSe  b\  doping  of  nitrogen 
|11  13],  In  this  paper,  we  report  electrical  trans¬ 
port  properties  as  well  as  photolumlne.scence  for 
both  ZnSe:  I  and  ZnSe:  N  grttwn  t>n  CiaAs  (100) 
substrates  by  MOMBl,. 

2.  Experimental 

The  details  of  our  MOMBfi  apparatus  have 
been  published  elsewhere  [12],  Iodine-doped  and 


nitrogen-doped  ZnSe  were  grown  tvn  semi-insulat¬ 
ing  Cla.Xs  substrates  >  10  12  cnt).  The  growth 

chamber  vvas  evacuated  to  a  pressure  below  1  x 
10  '  Torr  beftvre  grtvwth.  Dimethyl/inc  (DMZ) 
and  hydrogen  selenide  (H^Se)  were  used  as  start¬ 
ing  gases,  and  methyliodide  and  ammonia  (NH,) 
were  used  as  dopant  sources.  The  fkivv  rates  of 
Ii).VIZ.  H,Se.  NH,  and  methvliodide  were  20.  40. 
20  and  10  gmol,  niin.  respectivelv .  .Although  the 
|M,  Se],  jDMZ]  nitvlar  ratitv  is  2,  the  growth  rate  is 
limited  by  the  H.Se  supply.  In  this  sense,  the 
grtvwth  tvccurs  under  a  Zn-rich  ctvndititvn.  The 
gas-cell  temperature  was  maintained  at  350 °C'  for 
nitrogen-doping  and  at  100°C'  for  iodine-doping. 
The  pressure  during  the  growth  was  about  2  x 
10  ^  Torr.  The  typical  thickness  tvf  these  layers  is 
abtvut  1  gm. 

Prior  to  growth,  halogens  contained  in  DMZ 
and  H,Se  were  analyzed.  Inductivelv-coupled 
plasma  spectroscopy  (ICPS)  shows  that  the  DMZ 
used  in  this  study  contains  about  1  ppm  of  C'l.  In 
contrast,  in  H.Se,  C'l,  Br  and  1  of  more  than  0.01 
ppm  were  ntvt  detected  by  diphenylcarbazone 
method. 

The  CiaAs  substrates  were  cleaned  in  the  fol¬ 
lowing  way  before  growth:  (1)  rinsed  in  trichloro- 
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ethane,  (2)  rinsed  in  methanol.  (3)  etched  in  4  :  1  :  I 
H;,S04;  HXX  ;  H.O  at  40 °C  for  30  s  and  (4) 
etched  in  1  :  1  HF ;  H,0  at  room  temperature  for 
60  s.  After  this  wet  cleaning,  the  substrates  were 
heated  in  a  reactor  at  550-630  °C  for  10  min. 

Photoluminescence  (PL)  spectra  were  measured 
at  temperatures  between  4.7  K  and  RT  under 
He-Cd  laser  e.xcitation  at  wavelength  of  325  nm 
with  a  power  density  of  less  than  50  mW/cm’. 


3.  Results  and  discussion 

,7/.  Iodine-doped  n-iype  ZnSe 

Fig.  1  shows  the  PL  spectra  of  ZnSe :  I  grown 
at  350  °C  measured  at  4.7  K  and  RT.  The  inset 
shows  details  of  the  e.xciton  emission  region.  The 
broad  emission  with  a  peak  energy  of  2.132  eV 
(581.1  nm)  at  RT  comes  from  the  self-activated 
(SA)  center  of  a  (Zn  vacancy)-iodine  complex. 
The  peak  of  an  emission  line  at  the  band  edge 
region  is  located  at  an  energy  of  2.802  eV  at  4.7  K. 
which  i.s  clo.se  to  the  peak  energy  of  a  free  exciton 
emission  in  ZnSe  [19],  The  line  has  a  tail  develop¬ 
ing  on  the  lower  energy  side,  which  i.s  characteris- 


lOV  T  (K’’) 

Fig.  2.  Flcciric  transport  properties  of  n-ZnSc:I  measured  h> 
the  Van  der  Pauw  configuration  at  various  temperatures  below 
RT. 


Fig.  1.  Photoluminescence  spectra  of  n-ZnSc:I  (7'g*  350®C  ) 
measured  at  4.7  K  and  23®C.  The  in.sel  is  the  detailed  .spec¬ 
trum  in  the  iton  emission  region  at  4.7  K. 


lie  of  band-tailing  caused  bv  highly-doped  iodine 
14.15]. 

The  electron  concentration  (n).  conductivity 
(o)  and  mobility  are  shown  in  fig.  2  as  a  function 
of  temperature  (T)  for  a  ZnSe :  1  film  grown  at 
350 °C.  The  measurements  were  made  in  the  Van 
der  Pauw  configuration.  Ohmic  electrodes  were 
obtained  by  deposition  of  indium  followed  by 
annealing  at  270  °C  for  5  min.  At  room  tempera¬ 
ture.  the  electron  concentration  is  2.2  x  10"*  cm  \ 
Hall  mobility  160  em’/V  ■  s  and  resistivity  (p  = 
o  ‘)  1.9x  10  '  J2  cm.  The  maxirr.um  mobility  of 
190  em’/V  •  s  occurs  at  180  K  with  n  =  ]  J  X  10"* 
cm  *,  The  log  n  versus  1  T  curve  indicates  an 
electron  tran.sport  mechanism  with  two  kinds  of 
activation  energy.  The  first  slope  is  8  meV  at  a 
temperature  region  higher  than  180  K.  The  .second 
slope  has  zero  activation  ene.gy  at  a  temperature 
lower  than  120  K  for  electron  tran.sport.  The  cor¬ 
responding  activation  energy  for  the  conductivity 
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is  5  meV,  which  was  estimated  from  the  slope 
below  200  K.  The  Bohr  radius  can  be  calculated  to 
be  2.9  nm  for  ZnSe  with  a  dielectric  constant  k  of 
9.1  and  an  effective  mass  ratio  of  0.17  [14,15). 
From  this  Bohr  radius,  the  minimum  impurity 
concentration  ( A’,™" )  causing  the  wave-function 
overlap  can  be  estimated  to  be  1  x  10'*  cm“', 
which  is  well  below  the  observed  carrier  con¬ 
centration  (2.2  X  10'*  cm  ■').  It  is.  therefore,  con¬ 
cluded  that  the  small  activation  energy  re.sults 
from  the  conduction  through  the  interaction  be¬ 
tween  iodines,  as  usually  observed  in  highly  doped 
semiconductors. 

3.2.  Siiro^en-doped  p-type  ZnSc 

Nitrogen  concentrations  in  the  N-doped 
ZnSe  were  measured  by  secondary  ion  mass  spec¬ 
trometry  (SIMS)  with  13  keV  Cs*  ions  as  the 
primary  beam.  Instead  of  monitoring  a  '^'n  ion. 
a  ''‘*SeN  ^  ion  was  used  to  determine  the  amount 
of  nitrogen  in  ZnSe  because  of  its  higher  ioniza¬ 
tion  efficiency  than  that  of  '“‘N’.  Integration  of 
the  ^'‘SeN "  signal  gives  the  nitrogen  concentration 
in  compari.son  with  reference  samples  implanted 
with  N*  ions  at  concentrations  of  10'^  10'*  or 
10'*  cm  '.  The  detectable  in  ZnSe  is  more 
than  1  X  10'^  cm  '  when  *‘*SeN“  is  used.  Typical 
depth  profiles  for  N-doped  ZnSe  are  shown  in  the 
in.set  in  fig.  3.  In  this  figure,  the  A”  tends  to 
increa.se  from  2x10'’  cm  '  up  to  about  lO'* 
cm  '  as  the  growth  temperature  (T^)  increases 
from  250  to  350  °C.  However,  over  350  °C,  the 
concentration  is  slightly  reduced. 

Fig.  4  shows  a  PL  spectrum  of  ZnSe :  N  grown 
at  350 °C.  in  the  band  edge  region  at  5.6  K.  The 
lines  appearing  at  2.792  eV  (444.1  nm)  and  2.797 
eV  (443.3  nm)  can  be  attributed  to  an  exciton 
bound  to  a  neutral  nitrogen  acceptor  (![*)  and  to 
an  exciton  bound  to  a  neutral  donor  (Ij).  respec¬ 
tively.  The  nitrogen  activation  energy  of  98-108 
meV  is  obtained  from  the  donor -acceptor  (DA) 
formula  [17]  by  using  a  zero-phonon  peak  of  DA 
pair  emission,  i.e.  2.704  eV.  These  results  show 
that  nitrogen  in  ZnSe  acts  as  a  shallow  acceptor. 

In  advance  of  the  Hall  measurements,  the  ohmic 
contact  conditions  were  determined  by  varying 
annealing  temperature.  Formation  of  ohmic  elec- 
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Fig.  3.  Nitrogen  concentration  in  ZnSe  as  a  function  of  growtti 
temperature  (T^)  analyzed  by  secondary  ion  mass  spec¬ 
troscopy.  The  inset  shows  typical  depth  profiles  of  “"SeN  in 
nitrogen-doped  ZnSe:  (a)  implanted  with  N*  ion  concentra¬ 
tion  of  10''* cm  '  '  and  (b)  doped  by  MOMBE  at  =  350 "C. 
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Fig.  4,  PL  spectrum  of  ZnSe :  N  grown  at  350  °  C  in  the  band 
edge  region  at  5.6  K. 
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tRxies  for  ZnSe:  N  was  attained  as  follows;  gold  characteristics  were  measured  at  RT  as  a  function 

was  deposited  and  annealed  at  various  tempera-  of  annealing  temperature.  As  shown  in  fig.  5.  the 

tures  between  260  and  460  °C  in  an  Nt  atmo-  ohmic  electrodes  are  obtained  between  310  and 

sphere  for  5  min.  With  electrodes  formed  in  this  410°  C.  Electrical  properties  of  ZnSe :  N  were 

way  on  ZnSe  :  N  films,  current-voltage  (/-E)  measured  with  electrodes  formed  at  360° C  where 


Fig.  5.  Currem-vollage  (/-V)  characteristics  of  Au  contacts  on  ZnSe.N  at  RT  as  a  function  of  annealing  temperature:  (a)  260°C, 
(b)  310°C.  (c)  360°C,  (d)  410°C  and  (e)  460°C.  The  vertical  and  horizontal  scales  are  10  pA  and  10  V  for  (a).  10  fiA  and  2  V  for 

(b)-(d)  and  )  ft  A  and  10  V  for  (e). 
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the  resistance  has  the  minimum  value.  Those  con¬ 
tacts  remain  ohmic  from  RT  to  the  liquid  nitrogen 
temperature. 

Fig.  6a  shows  the  hole  concentration  of  ZnSe  :  N 
grown  at  350  and  400°C  as  a  function  of  l/T. 
The  hole  concentration  at  RT  is  2.0  x  10'^  cm  ' 
for  y=m°C  and  4.0X10’'  cm  '  for  = 
400  °C.  For  p-ZnSe  grown  at  350  °C,  the  hole 
concentration  decrea.ses  as  T  decrea.ses.  Assuming 
that  the  acceptor  concentration  N\  is  larger  than 
the  donor  concentration  the  activation  energy 
of  the  p-type  conductivity  the  acceptor  con¬ 
centration  .\\  and  the  donor  concentration 
can  be  calculated  from  the  following  equation; 


P(P  +  ) 

Vx  -  A,,  -  P 


Av 


-exp 


(1) 


where  p  is  the  hole  concentration.  Ay  the  density 
of  states  of  the  valence  band.  Ay  =  2 
(Ivnif^kT/h-  )'  The  hole  effective  mass  is  taken 
here  as  w,,  =  [21]  and  the  degeneracy  fac¬ 

tor  as  g  =  4.  Then  eq.  ( 1 )  gives  N^=9  X  10'''-3  x 


1073  (A’) 

Fig.  7.  Dependence  of  Hall  mobility  on  measurement  tempera¬ 
ture.  The  sample  is  ZnSe:  N  grown  al  350  ®C. 


Fig.  6.  Electric  properties  of  p-lype  ZnSe ;  N  grown  al  = 
350  °C*  and  400  ®C  measured  at  vanous  temperatures  below 
r(x)m  temperature;  (a)  carrier  concentration  and  (b)  conductiv  - 

ny. 


lO’^cm  -  iV„  =  4  X  10''-7  X  10" cm'-’  and 

=  90-110  meV.  The  obtained  value  of 
agrees  well  with  that  estimated  from  the  PL  spec¬ 
trum  described  above.  The  conductivity  has  the 
same  dependence  as  that  of  the  hole  concentration 
and  is  6.7  X  10  '"  12  '  cm  '  al  RT  for  the  film 
grown  at  350 °C  (fig.  6b).  The  Hall  mobility  for 
the  sample  of  7^  =  350°C  increases  with  a  de¬ 
crease  in  temperature  and  is  about  20  cm'’/V  ■  s  at 
rrxim  temperature,  as  .shown  in  fig.  7. 

The  conductivity  of  the  film  grown  at  400  °C 
was  obtained  to  be  4.1  x  10  '  12  '  cm“'  at  RT. 
as  shown  in  fig.  6b.  The  temperature  dependence 
of  conductivity  cannot  be  fitted  by  a  single  ex¬ 
ponential  curve,  which  is  different  from  the  case 
of  T^  =  350°C.  The  hole  concentration  of  the 
ZnSe :  N  grown  at  400  °  C  increases  with  a  slope  of 
about  150-200  meV  from  RT  to  220  K.  This  is 
followed  by  a  decrease  in  the  hole  concentration 
as  the  temperature  decrease  below  220  K.  This 
result  suggests  that  the  donors  with  the  activation 
energy  of  150-200  meV  compensate  for  nitrogen 
acceptors  at  around  RT.  Assuming  that  A^  is 
larger  than  A,,  at  a  temperature  below  220  K.  one 
can  calculate  E^.  A^  and  A^  from  eq.  (1);  A^  is 
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3  X  lO"’-?  X  10'*'  cm  \  is  2  X  lO'*’-  4  x 

10'^  cm  '  and  is  about  80-100  meV.  Al¬ 
though  is  larger  for  the  film  of  7^  =  350'’C 
than  for  the  film  of  7^  =  400  °C,  a  comparison  of 
-  Ap  between  the  two  T^'s  shows  that  the 
donor  concentration  decreases  as  increases. 
Since  the  ratio  is  1-4?.  and  is  almost  same 

for  both  films,  this  result  indicates  that  the  T^-de- 
pendence  of  A,.,  is  mainly  responsible  for  the 
increase  in  hole  concentration  with  T^.  The  donors 
presumably  come  from  residual  impurities  con¬ 
taminating  the  source  material  such  as  DMZ. 
These  results  give  an  account  of  the  T^-depen- 
dence  of  the  electrical  properties  of  p-type 
ZnSe  :  N.  We  have  already  reported  that  the  elec¬ 
trical  properties  such  as  hole  concentration  and 
resistivity  were  improved  as  increases  from  250 
to  450°C  [11.12]. 

4.  Conclusions 

This  paper  shows  that  the  technique  of 
MOMBE  has  a  capability  to  provide  both  n-type 
and  p-type  ZnSe  with  high  conductivity.  It  has 
been  described  that  n-type  ZnSe  heavily  doped 
with  iodine  shows  a  resistivity  (p)  low  enough  for 
device  application  (p=  1.9  x  lO  ’  i?  cm  at  RT). 
The  electrical  properties  such  as  £\.  N^.  p.  a 
and  p  of  p-type  ZnSe  :  N  grown  using  ammonia  as 
a  dopant  source  have  been  elucidated.  The  activa¬ 
tion  efficiency  ( p/^'y  where  is  the  nitrogen 
concentration  in  ZnSe:N  detected  by  SIMS)  of 
nitrogen  acceptors  is  improved  with  an  increase  in 
growth  temperature  presumably  due  to  a  decrea.se 
in  residual  donor  concentration.  Since  impurities 
in  DMZ  such  as  Cl  give  rise  to  donors,  further 
purification  of  .source  materials  is  one  of  the  es¬ 
sential  ways  to  control  conductivity  of  ZnSe :  N. 
Besides,  the  ratio  for  the  ZnSe :  N  is  at 


most  4%.  which  suggests  that  the  crystallinity  of 
the  p-type  films  has  also  to  be  improved,  so  as  the 
enhance  the  p-type  conductivity.  A  combination 
of  these  n-type  ZnSe  ;  I  and  p-type  ZnSe  ;  N  films 
must  be  very  promising  to  bring  forth  efficient 
blue-light  emitting  diodes. 
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Electric  field  assisted  doping  of  semiconductors  during  epitaxial  growth 
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Thomas  J.  li^'atson.  Sr.  Laboraton.-  of  Applied  Physics,  California  institute  of  Technoloy;\\  Pasadena.  California  91125.  USA 


We  describe  a  novel  technique  to  improve  doping  in  semiconductors,  by  the  application  of  external  electric  fields  during  crystal 
growth.  The  dopants  are  modeled  as  charged,  mobile  species  that  are  free  to  diffuse  and  drift  under  electric  fields.  In  the  case  of 
molecular  beam  expitaxial  (MBE)  growth,  we  solve  for  the  steady  state  of  these  species  in  a  moving  co^vrdinate  frame  that  travels  with 
the  growth  front.  We  have  specifically  applied  our  analysis  to  Li  donors  in  n-type  ZnTe.  Our  results  indicate  that  excellent 
improvements  in  the  doping  concentrations  could  be  obtained  under  normal  MBE  growth  conditions,  with  the  applications,  with  the 
application  of  substantial  electric  fields. 


1.  Introduction 

Wide  band  gap  1 1- VI  semiconductors  have  not 
realized  their  potential  as  visible  light  emitters 
because  of  inability  to  achieve  p-n  junctions  with 
selective  doping  in  both  conduction  types  [1-4). 
For  example.  ZnSe  can  only  be  easily  doped  n- 
type,  w'hile  ZnTe  can  only  be  easily  doped  p-type. 
Although  there  have  been  many  attempts  to  re¬ 
verse  the  preferred  conduction  types  of  these 
materials  within  the  past  few  decades,  the  results 
have  at  best  produced  very  limited  success  [5.6]. 
Molecular  beam  epitaxy  (MBE)  and  metalorganic 
chemical  vapor  deposition  (MOCVD)  have  re¬ 
ceived  the  interest  in  wide  bandgap  II-VI  semi¬ 
conductors  by  permitting  abrupt  heterojunctions 
and  novel  doping  techniques  and  producing  hei- 
erojunctions  [7-9].  Recent  successes  in  producing 
Li  doped  p-ZnSe  have  attracted  much  attention 
[10-13).  We  propose  that  the  application  of  an 
electric  field  during  epitaxial  growth  can  produce 
enhanced  doping  and  reduce  self-compensation 
overcoming  some  of  the  difficulties  associated  with 
II-VI  doping.  We  will  u.se  a  simple  example  of  Li 
donors  grown  into  ZnTe  by  MBE  for  illustration, 
but  the  general  idea  is  readily  applicable  to  other 
.semiconductors  and  growth  techniques. 


2.  Physics  of  phenomena 

Under  external  fields  applied  during  growth, 
band  bending  is  introduced  near  the  growth 
surface,  fig.  la.  The  .v-axis  of  fig  la  corresponds  to 
the  distance  from  the  growth  surface  measured  in 
the  moving  coordinate  frame  that  travels  with  the 
growth  front.  For  simplicity  we  assume  the  bands 
are  flat  in  the  absence  of  the  external  electric 
fields.  If  additional  band  bending  occurs  because 
of  Fermi  level  pinning  at  the  surface  [16],  it  is 
straightforward  to  include  such  effects  in  our 
calculations. 

As  a  result  of  upward  band  bending  at  the 
surface,  it  is  possible  to  enhance  the  incorporation 
of  an  ionized  donor  species  while  suppressing  the 
incorporation  of  ionized  acceptor  species.  The 
ionization  of  donors  inside  the  semiconductor  pro¬ 
duces  a  donor  concentration  N^-  and  an  electron 
concentration  near  the  surface.  Using  the  fact 
that  these  donors  are  in  equilibrium  with  the  ex¬ 
ternal  phase,  we  can  adopt  the  arguments  given  by 
Lander  [17)  to  show  that  [17.18]; 

n^N^,=K.  (1) 

where  X  is  a  constant  determined  by  the  tempera¬ 
ture  and  the  concentration  of  neutral  donors  in 
the  external  phase.  If  we  assume  that  the  electron 
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Fig.  1.  Schematic  diagram  of  the  band  bending  in  the  presence 
of  external  electric  fields  is  shown  in  (a).  The  figure  is  drawn  in 
the  moving  cxxirdinate  frame  that  travels  with  the  growth 
front.  In  (b)  the  expected  enhancement  of  the  doping  con¬ 
centration  IS  .shown.  The  dashed  line  of  (b)  corresponds  to  the 
doping  concentration  under  zero  electric  field,  while  the  solid 
line  corresponds  to  the  expected  donor  concentration  under  a 
substantial  electric  field. 


concentration  is  given  by  a  classical  Maxwell- 
Boltzmann  distribution,  then 


Ely  -  E,  ^ 
kT  I- 


(2) 


where  is  the  position  of  the  donor  level  at  the 
surface  and  the  Fermi  level  for  electrons  is  given 
by  £y.  Using  eqs.  (1)  and  (2)  we  can  express  the 
ionized  donor  concentration  at  the  surface  as 


exp 


(3) 


Since  it  is  possible  to  easily  change  the  donor  level 
at  the  surface  by  applying  external  electric 
fields,  from  eq.  (3)  we  see  that  it  is  also  possible  to 
directly  alter  the  concentration  of  the  ionized 
donors  at  the  surface.  If  we  compare  the  con¬ 
centration  of  ionized  donors  at  the  surface  N^{E) 
corresponding  to  the  case  of  doping  under  an 


electric  field  E.  to  the  concentration  of  ionized 
donors  ^,,.(0)  with  no  electric  fields,  from  eq.  (3) 
we  obtain 


Vd.(O) 


(4) 


where  is  the  surface  band  bending  as  shown  in 
fig.  la. 

Next,  it  is  necessary  to  bury  the  enhanced 
surface  concentration  of  donors  given  by  eq.  (4) 
deep  inside  the  epilayer  to  obtain  thick  layers  with 
improved  doping  concentrations.  Since  new 
material  is  created  constantly  at  the  growth  rate, 
the  surface  concentrations  gets  buried  at  the 
growth  rate.  However,  at  the  same  time  it  is  possi¬ 
ble  for  ionized  donors  to  drift  back  towards  the 
growth  surface  because  the  high  electric  fields 
present  in  the  depletion  region  of  fig  la  tend  to 
exert  a  force  that  pushes  them  towards  the  surface. 
If  the  growth  occurs  faster  than  this  drift  process, 
then  it  is  possible  to  obtain  thick  epitaxial  layers 
with  enhanced  doping  concentrations.  This  situa¬ 
tion  is  shown  in  fig.  lb  where  A'f"f(£)>  A'p.(O). 

We  choose  a  particularly  simple  example  to 
illustrate  field  assisted  doping,  in  which  the  only 
mobile  specie  is  interstitial  Li.  Interstitial  Li  has 
been  widely  studied  [19]  in  Ge  and  Si  and  its 
behavior  found  to  follow  simple  laws  of  drift  and 
diffusion  under  most  circumstances;  here  we  as¬ 
sume  similar  behavior  of  Li  in  a  ZnTe  host.  It 
should  be  pointed  out,  however,  that  this  simple 
example  comes  at  a  price  in  that  interstitial  Li  is 
highly  mobile,  which  causes  the  expected  doping 
enhancement  to  be  modest. 


3.  Theory 

In  this  section  we  analyze  the  diffusion  and 
drift  of  dopants  under  the  conditions  present  in 
electric  field  assisted  doping.  If  we  assume  that 
the  growth  rate  is  v.  and  denote  the  mobility, 
diffusion  coefficient,  and  concentration  of  donors 
by  n.  D.  and  Vp.,  respectively,  then  the  particle 
current  J  in  the  moving  coordinate  frame  can  be 
written  as 

dVp. 

7=  (5) 
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Eq.  5  has  the  familiar  drift  and  diffusion  currents 
plus  an  extra  convection  current  that  describes  the 
fact  that  in  moving  coordinate  frame  material  is 
buried  at  rate  c.  Using  the  continuity  equation 
and  requiring  steady  state,  we  obtain  a  second 
order  differential  equation  for  x).  The 

solution  to  finite  values  at  infinity,  is  given  by 


■Vo  fg.  .v) 


kr 


i\x 


gVjy) 


kT 


(6) 


where  U(,r)  is  the  band  bending,  and  ;V,'",'(£)  is 
the  concentration  of  ionized  donors  deep  inside 
the  bulk  as  shown  in  fig.  la.  The  form  of  the  band 
bending  T(.v)  is  given  by  the  solution  to  the 
Poi,s,son  equation  which  depends  on  .V,,..  How¬ 
ever.  valuable  information  about  the  electric  field 
a.ssisted  doping  could  still  be  obtained  by  a.s.sum- 
mg  a  simple  exponential  form  for  the  band  bend¬ 
ing  given  by 


l  (,v)  =  Vs  cxp(  -  ^  )  =  X£  exp(-  (7) 


where  A  corresponds  to  the  Debye  screening  length 
of  an  electron  concentration  of  With  this 

form  for  the  potential,  it  is  straightforward  to 
obtain  the  form  of  ;V,,.(£.  v )  from  eq.  (6)  in 
terms  of  three  dimensionless  parameters  q\E/kT, 
D/r\.  and  .v/X. 


4.  Results 

Quantitative  results  obtained  for  Li  donors  in 
ZnTe  are  given  in  fig.  2.  In  this  example,  we 
assume  the  growth  temperature  to  be  300  °C,  the 
diffusion  coefficient  of  Li  donors  to  be  10  "  cm" 
s  '  (22.9)  and  the  growth  rate  c*  10  ’em  s  ' 
corresponding  to  attainable  values  in  11  -VI  MBF. 
[23J.  Also,  we  assume  a  net  donor  concentration 
/V„.(0)  obtainable  in  bulk  n-ZnTe  without  electric 
fields  of  lO”  cm  '.  based  on  the  results  of  Fischer 
et  al  [6]. 


20  . 


Fig.  2.  The  figure  sherws  the  Li  donor  concentration  profiles 
obtained  under  electric  field  assisted  doping.  The  enhancement 
of  the  Li  concentration  for  several  electric  field  strengths  is 
shown.  We  have  assumed  that  it  is  possible  to  obtain  n-tvpc 
ZnTe  with  Li  at  10'’  cm  '  under  zero  electric  field  [61.  The 
application  of  a  .1  keV  cm  '  electric  field  al  the  surface  can 
prixluce  roughly  two  orders  of  magnitude  improvement  in  bulk 
doping. 


Notice  that  under  these  condition.s.  the  region 
near  the  surface  is  more  heavily  n-type  doped 
while  the  region  deep  inside  the  semiconductor  is 
le.ss  heavily  n-type  doped.  However,  the  donor 
concentrations  deep  inside  the  bulk  are  still  larger 
than  for  the  case  with  zero  electric  fields.  Fig.  2 
shows  that  it  is  po.ssible  to  attain  bulk  doping 
concentrations  of  n  =  10''*  cm  '  in  ZnTe  for  elec¬ 
tric  field  strengths  of  3  keV  cm  '.  The  surface 
doping  concentration  produced  in  this  case  is  = 
3.0  X  10'“'  cm  '.  At  lower  electric  field  strengths 
(  £  =  0.3  keV  cm  ' ' ),  bulk  doping  can  still  be 
enhanced  by  about  an  order  of  magnitude  over  the 
zero  field  ca.se.  without  the  formation  of  a  heavily 
doped  surface  region. 

In  fig.  3  we  show  a  contour  plot  of  the 
logj £)/A/p.(0)]  as  a  function  of  the  dimen¬ 
sionless  parameters  q\„E/kT  and  log[D/t'X„]. 
The  length  X„  is  the  Debye  length  corresponding 
to  an  electron  concentration  equal  to  Afy(O).  This 
value  of  X,|  is  different  from  the  quantity  X  used 
in  eq.  (7)  which  corresponds  to  the  Debye  screen¬ 
ing  length  of  an  electron  concentration  of  Xfplf  £). 
Positive  values  of  the  electric  field  (pointing  out  of 
the  semiconductor)  produce  an  increase  in  the 
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Fig.  C  oniour  plot  of  the  logl  (  A  )  V,j .  (()))  is  Nht>wn  as  a 
function  of  the  tiimensionless  paramcicrs  /)  A„r  and 
kT  'Fhe  quantities  Vj"!  (  f)  and  (0)  are  illustrated 
in  F  ig.  Ih  The  Debve  screening  length  for  an  electron  con¬ 
centration  of  -V,.,.  (0)  is  given  b\  A,,.  An  enhancement  in  the 
doping  concentration  can  be  produced  h\  increasing  the 
Hirengih  of  the  electric  field  A  The  figure  also  shows  that  it  is 
harder  to  obtain  large  enhancements  in  doping  concentratnm  if 
the  diffusion  ccK’fficients  are  large  The  specific  situation  ci'rre- 
sponding  (i*  (he  f.i  donor  in  /.nJc  is  indicated  bv  the  da.shed 
line 


doping  concentrations  while  negative  values  of  the 
electric  field  (pointing  into  the  semiconductor) 
pnvduce  a  decrease  in  the  doping  concentrations 
compared  to  the  case  with  zero  electric  fields.  If 
the  value  of  O/cA,,  «  1.  then  the  surface  con¬ 
centrations  arc  efficiently  buried  by  the  electric 
field  assisted  doping  process.  However,  if  the  value 
of  D/f\„  ^  1.  then  it  is  quite  difficult  to  obtain 
enhanced  doping  deep  inside  the  bulk  even  for 
large  applied  electric  field  strengths.  Using  values 
of  /?  *  10  "  cm-  s  '  [22],  (■  =  10  'cm  s  and 
A,,  =  18.8  fim  corresponding  to  the  Debye  screen¬ 
ing  length  for  an  electron  concentration  of  10'" 
cm  we  obtain  D/r\„  ~  0.05.1.  This  position  is 
indicated  by  the  dashed  line  of  fig.  3.  If  we  had 
cho.sen  a  dopant  other  than  the  very  mobile  inter¬ 
stitial  Li.  the  dashed  line  in  fig.  3  would  lie  consid¬ 
erably  further  left,  yielding  a  larger  doping  en¬ 
hancement. 


5.  Conclusion 

We  have  shown  that  the  application  of  electric 
fields  during  the  epitaxial  growth  of  semiconduc¬ 
tors  produces  band  bending  at  the  growth  surface 
that  could  enhance  the  incorporation  of  donors 
near  the  surface.  In  addition  to  producing  im¬ 
proved  doping  concentrations  near  the  .surface,  it 
is  also  possible  to  bury  the  enhanced  surface  con¬ 
centration  deep  inside  the  bulk  to  obtain  thick 
epilayers  with  improved  doping.  Although,  for  the 
sake  of  simplicity,  we  have  applied  this  technique 
to  the  analysis  of  Li  donors  in  ZnTe.  the  general 
idea  is  widely  applicable  to  other  dopants  and 
growth  techniques.  This  method  could  also  be 
easily  applied  to  reduce  self-compensation  in 
semiconductors,  since  the  formation  of  com¬ 
pensating  acceptor  complexes  near  the  surface 
could  be  suppressed. 
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Photo-assisted  MBE  growth  of  ZnSe  on  GaAs  substrates 
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Department  of  Eleetrontcs  anJ  Information  Science,  Faculty  of  Enptneennp  anJ  Desipn,  Kyoto  Institute  of  Technology.  Matsugasaki, 
Kyoto  6/M.  Japan 


ZnSe  epiiayers  have  been  grown  by  pholo-assisled  MBE  on  GaAs  substrates  at  various  substrate  temperatures  and  under  various 
molecular  beam  intensity  ratios  of  group  VI  to  group  1H  element,  A  He-Cd  laser  with  441.6  nm  wavelength  was  used  as  a  light 
source.  From  the  temperature  dependence  of  the  phottvdesorption  rale  constants,  the  activation  energies  of  photo-desorption  of  Zn 
and  Se  adatoms  from  the  physical  adsorption  stale  (  and  from  the  chemical  adsorption  state  (  £‘  )  are  obtained,  that  is. 

f  J.‘„  =  7.8  kcal/mol.  =  6.7  kcal/mol  and  =16.1  kcal /mol.  Thus,  the  photo-desorption  observed  is  photo-enhanced  "  thermal" 

desorption.  ZnSe  epiiayers  have  been  successfully  grown  at  a  temperature  as  low  as  150  °C.  A  sharp  and  strong  free-excition  emission 
is  observed  in  photoluminescence  spectra  at  1 1  Kin  the  low-temperature  grown  samples,  which  shows  that  the  crystallinity  is  almost 
comparable  with  that  of  the  unirradiated  epilayer  grown  at  .140‘’C'  (the  optimum  growth  temperature  without  irradiation). 


1.  Introduction 

ZnSe  has  been  recognized  as  one  of  the  most 
promising  materials  for  blue  light  emitting  de¬ 
vices.  To  prepare  highly  efficient  devices,  it  is 
necessary  to  establish  a  growth  method  for  obtain¬ 
ing  high-quality  epiiayers. 

Recently,  we  have  reported  the  effects  of  light 
irradiation  on  MBE  growth  of  ZnSe  and  ZnSSe  on 
GaAs  substrates  (1,2|,  The  photo-desorption  of 
adatoms  from  the  growing  surface  is  observed  at  a 
substrate  temperature  of  ,^40  “C,  and  the  de.sorp- 
tion  rate  constants  of  Zn,  Se  and  S  atoms  are 
obtained  under  He-Cd  laser  (441.6  nm)  irradia¬ 
tion.  The  intensity  of  the  free-excition  emis.sion  in 
the  photoluminescence  spectra  increases  with  light 
irradiation  during  growth,  which  indicates  an  im¬ 
provement  of  the  crystallinity  of  the  epiiayers. 
The.se  effects  are  attributed  to  the  photons  whose 
energies  are  larger  than  the  bandgap  of  the  epi- 
layers  [2).  As  for  CdTe,  improved  doping  control 
at  low  growth  temperatures  was  previously  re¬ 
ported  by  photo-assisted  MBE  growth  [3.4]. 

In  this  report,  we  have  studied  the  temperature 
dependence  of  the  photo-desorption  of  adatoms 


and  the  low-temperature  epitaxial  growth  under 
He-  Cd  laser  irradiation. 


2.  Experimental 

The  substrates  used  were  Cr-O  doped  GaAs- 
(100)  wafers.  Source  materials  were  elemental  6N- 
Zn  and  6N-Se  (Osaka  Asahi  Metal  Mfg.  Co., 
Ltd.).  The  molecular  beam  intensity  ratio  of  group 
VI  to  group  11  element  (Tvi/-^ii  ratiw)  was  changed 
from  0.4  to  2.1.  The  substrate  temperature  was 
varied  from  150  to  340  °C. 

A  He-Cd  laser  (Kimmon  Electric  Co.  Ltd.. 
CD4601R)  with  a  wavelength  of  441.6  nm  was 
u.sed  as  an  irradiation  light  .source.  The  laser  beam 
was  expanded  to  a  diameter  of  5  mm.  The  irradia¬ 
tion  intensity  and  photon  density  on  the  substrate 
were  about  300  niW/cm"  and  about  7  x  10’^  pho- 
tons/cm‘  •  s,  respectively.  The  beam  was  intro¬ 
duced  on  part  of  the  substrate  surface  at  an  angle 
of  about  20°.  Another  part  of  the  epilayer  was 
irradiated  by  the  light  after  the  growth  for  4-10  h 
in  the  growth  chamber  with  maintaining  the  tem¬ 
perature  equal  to  that  u.sed  during  growth,  in 
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order  to  investigate  irradiation  effects  on  the  com¬ 
pleted  chemical  bond.  Thus,  in  a  single  growth 
run.  we  obtained  three  kinds  of  epilayers;  an 
epilayer  irradiated  during  growth,  an  epilayer 
irradiated  after  growth  and  an  unirradiated  epi¬ 
layer.  Details  of  the  growth  procedure  have  been 
reported  elsewhere  [1]. 

The  growth  rates  without  irradiation  were 
0.25-0.5  nm/h  and  the  growth  times  was  3-4  h. 
The  thicknesses  of  the  unirradiated  epilayers  were 
measured  by  SEM  observation  of  the  (110)  clea¬ 
vage  plane  of  the  epilayers.  The  thickness  reduc¬ 
tion  of  the  irradiated  epilayers  was  measured  by 
multiple  beam  interference  microscope.  The  crys¬ 
tallinity  of  the  grown  layers  was  evaluated  by 
medium  energy  electron  diffraction  (MEED)  with 
an  acceleration  voltage  of  4  kV.  Photolumines¬ 
cence  spectra  were  measured  at  1 1  K  using  an 
ultrahigh-pressure  Hg  lamp  as  an  exciting  source 
(365  nm.  400  mW/cm'). 


3.  Results  and  discussion 

.1./.  Photo-desorptton  of  Zn  and  Se  adatoms 

The  growth  rates  of  the  epilayers  are  reduced 
by  laser  irradiation  during  growth.  The  reduction 
rates  depend  both  on  the  ratio  and  on  the 

substrate  temperature.  We  already  proposed  the 
growth-rate  equations  including  photo-desorption 
rate  constants  of  the  Zn  and  Se  adatoms  on  the 
growing  surface  [1].  The  growth  rate  under  la.ser 
irradiation  (6,,)  is  obtained  as 

where  )  is  the  photo-de.sorption  rate  con¬ 

stant  of  the  Zn  (Se)  adatoms  from  the  physical 
adsorption  state  on  Se  (Zn)  exposed  surface.  A/„ 
and  are  the  sticking  probabilities  of  the  Zn 
atoms  on  the  Se  exposed  surface  and  the  Se  atoms 
on  the  Zn  exposed  surface,  re.spectively.  Jy^  and 
are  the  molecular  beam  intensities  of  the  Zn 
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Fig  1.  Temperature  dependence  of  photo>desorption  rale  con- 
.slant  of  Zn  or  Se  atoms  from  the  chemjcal  ad.sorpiion  stale. 

atoms  and  Se  atoms,  respectively.  Z)‘  is  the 
photo-desorption  rate  constant  of  the  Zn  or  Se 
atoms  from  the  chemical  ad.sorption  state.  is 
the  surface  concentration  of  the  Zn  or  Se  atoms 
(6.2  X  10''*  atoms/cm’  in  ZnSe(lOO)  surface). 

The  film  thicknes.ses  are  reduced  by  laser 
irradiation  after  growth  with  maintaining  the  sub¬ 
strate  at  the  growth  temperature.  This  means  that 
the  chemically  bonded  atoms  photo-de.sorb  from 
the  surface.  Fig.  1  shows  the  temperature  depen¬ 
dence  of  the  photo-desorption  rate  constant  Z>‘ 
from  the  chemical  adsorption  state.  The  constant 
O'-  decreases  with  the  decreasing  substrate  tem¬ 
perature.  The  value  of  O'"  at  250  °C  is  calculated 
to  be  smaller  than  0.01.  which  is  the  detection 
limit  of  our  measurement.  The  activation  energy 
of  the  photo-desorption  was  obtained  from  the 
slope  of  the  line  as  16.1  kcal/mol.  Thus,  the 
photo-desorption  from  the  chemical-adsorption 
state  is  photo-enhanced  thermal  desorption. 

Yao  and  Takeda  [5]  and  Farrell  et  al.  |6]  ob¬ 
served  the  Se  desorption  from  the  ZnSe  surface 
from  the  change  in  the  RHEED  reconstruction 
pattern  from  the  Se  stabilized  surface  to  the  Zn 
stabilized  surface.  They  measured  the  temperature 
dependence  of  the  Se  desorption  time  and  re¬ 
ported  the  activation  energy  of  Se  desorption  as 
15.1  kcal/mol  [5]  or  13.8  ±  2.3  kcal/mol  [6].  The 
change  in  reconstruction  pattern  means  surface- 
atom  desorption  from  the  chemical  adsorption 
state.  Farrell  et  al.  reported  that  this  desorption  is 
electron-stimulated  thermal  desorption  of  Se 
adatoms.  The  activation  energy  of  the  photo-de- 
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sorption  from  the  chemical  adsorption  state  (16.1 
kcal/mol)  in  our  case  is  similar  to  the  above 
activation  energies  of  Se  desorption  obtained  by 
RHEED  observation.  However,  they  only  ob¬ 
served  the  Se  atom  desorption  and  not  the  Zn 
atom  desorption  in  the  electron-stimulated  ther¬ 
mal  desorption  process.  In  our  case,  both  Se  and 
Zn  atoms  desorb  with  the  light  irradiation  judging 
from  the  fact  that  the  film  thicknesses  are  reduced 
by  the  irradiation.  TTte  mechanism  of  the  photo- 
enhanced  thermal  desorption  from  the  chemical 
adsorption  state  is  not  the  same  as  that  of  elec¬ 
tron-stimulated  desorption. 

The  activation  energy  of  the  simple  thermal 
evaporation  is  30  kcal/mol  [5].  The  activation 
energy  of  the  photo-desorption  is  smaller  than 
that  of  the  thermal  evaporation.  It  can  be  said  that 
the  light  irradiation  reduces  the  bonding  energy  of 
chemically  adsorbed  atoms  to  the  underlying  layer. 

Samples  with  various  Jvi/Jii  and  sub¬ 

strate  temperature  were  grown  under  laser  irradia¬ 
tion  during  growth.  The  thicknesses  are  reduced 
much  more  than  those  of  the  samples  irradiated 
after  growth.  Using  the  and  £)*■  values, 

and  taking  and  to  be  unity  [7],  the  tem¬ 
perature  dependence  of  and  D^.  was  ob¬ 
tained  as  shown  in  fig.  2.  The  constants  and 
D^.  decrease  with  the  decreasing  substrate  temper¬ 
ature.  The  activation  energies  of  the  photo-desorp¬ 
tion  of  Zn  and  Se  from  the  physical  adsorption 
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Fig.  2.  Temperature  dependence  of  photo-desorption  rate  con¬ 
stants  of  Zn  (D5„)  and  Se  (C£)  adatoms  from  the  phy.sical 
adsorption  state. 


State  ( £|„  and  El.)  are  obtained  from  the  slope 
of  the  lines: 

£z„  —  7.8  kcal/mol,  ££  =  6.7  kcal/mol. 

Thus,  it  is  clarified  that  the  desorption  from  the 
physical-adsorption  state  is  also  photo-enhanced 
thermal  desorption.  The  Zn  or  Se  molecules  do 
not  have  absorption  bands  at  441.6  nm.  The 
photo-enhancement  of  the  desorption  of  the 
physically  adsorbed  atoms  by  441.6  nm  light  indi¬ 
cates  that  the  photons,  whose  energies  are  larger 
than  the  bandgap  of  the  epilayers.  are  absorbed  in 
the  epilayer  and  the  photo-generated  carriers  re¬ 
duces  the  attractive  adsorption  forces  between  the 
adatoms  and  the  surface.  It  is  considered  that  the 
reduction  of  adsorption  forces  comes  from  the 
reduction  of  Van  der  Waals  forces  between  the 
adatoms  and  the  surface  including  excess  photo¬ 
generated  free  carriers  The  possibility  of  excita¬ 
tion  of  adatoms  by  energy  transfer  from  the 
photo-generated  carriers  cannot  be  excluded,  how¬ 
ever.  It  should  be  noted  that  the  activation  en¬ 
ergies  obtained  (£^.  £^)  may  depend  on 

the  light  intensity. 

3.2.  Low-temperature  growth  by  photo-assisted  MBE 

As  mentioned  in  section  3.1,.  the  attractive  ad¬ 
sorption  forces  of  physically  adsorbed  atoms  are 
decreased  by  laser  irradiation.  TTierefore.  the  light 
irradiation  possibly  enhances  the  migration  of 
adatoms,  which  will  help  epitaxial  growth  at  low 
temperatures.  Thus,  the  low-temperature  epitaxial 
growth  has  been  tried. 

Fig.  3  shows  MEED  patterns  of  the  grown 
layers  with  or  without  irradiation.  Above  the  sub¬ 
strate  temperature  of  250  °C  the  MEED  patterns 
show  that  the  grown  layers  are  single-crystalline 
and  the  patterns  are  almost  the  same  whether  the 
sample  was  irradiated  or  not.  The  unirradiated 
layer  grown  at  225  °C  shows  the  MEED  pattern 
with  spots  and  oriented  rings.  Therefore,  a  sub¬ 
strate  temperature  above  250  °C  is  needed  for 
growing  single-crystalline  ZnSe  epilayers  on 
GaAsflOO)  substrates  by  MBE  without  laser 
irradiation.  The  MEED  pattern  of  the  layer  grown 
at  150°C  with  irradiation  shows  a  single-crystal- 
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line  spotty  pattern  (fig.  3c),  that  is,  with  He-Cd 
laser  irradiation  during  MBE  growth,  the  epitaxial 
temperature  was  successfully  lowered  down  to 
150  °C.  Fig.  3e  shows  a  MEED  pattern  at  150°C 
under  laser  irradiation  of  90  mW/cm^  (30%  of 
that  in  fig.  3c).  This  pattern  shows  an  oriented 
polycrystalline  pattern.  It  revealed  that  the  lower 
limit  of  150°C  in  this  study  relates  with  the  laser 
power,  and  the  epitaxial  temperature  could  be 
lowered  more  with  higher  photon-density  irradia¬ 
tion. 

Fig.  4  shows  photoluminescence  spectra  of  the 
grown  layers  with  (at  150  °C)  or  without  irradia¬ 
tion  (at  340°C).  The  free  exciton  emission  (F^,) 
of  the  irradiated  epi  layer  grown  at  150°C  is  sharp 
and  strong,  comparable  to  that  of  the  unirradiated 
epilayer  grown  at  340  °C.  which  is  the  optimum 
growth  temperature  without  irradiation.  Almost 
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Fig.  3.  MEEli  patterns  of  the  grown  layers  with  and  without 
la.ser  irradiation  at  substrate  temperatures  of  (a),  (b)  250 °C 
and  (c)-(d)  150°C.  (a),  (c)  Patterns  with  100%  irradiation;  (e) 
patterns  with  30%  irradiation:  (b).  (d)  patterns  without  irradia¬ 
tion. 


WAVELENGTH  (nm) 


Fig.  4.  Photolumine.scence  spectra  of  the  grown  layers:  (a) 
spectrum  of  the  layer  grown  at  150°C  with  irradiation  and  (bl 
spectrum  at  340'’C  without  irradiation. 


no  emissions  were  observed  in  the  unirradiated 
polycrystalline  layer  grown  at  150°C. 

The  donor-bound-exciton  emission  is  observed 
at  443.2  nm.  The  binding  energy  of  this  emission 
is  almost  the  same  as  that  of  the  usually  observed 
Ix  (D°.  X)  emission  in  MBE-ZnSe  epilayers  [8]. 
The  intensity  ratio  of  lx  emission  to  Fj.^  emission 
decreases  with  the  increasing  substrate  tempera¬ 
ture.  The  intensities  of  Fp^  are  almost  the  same  in 
the  epilayers  for  the  substrate  temperature  from 
150  to  340  °C.  The  large  Ix/Fp,  ratio  of  the 
low-temperature-grown  layers  s:4ggests  that  the 
sticking  probability  of  donor  impurities  increases 
at  low  temperature.  The  bound-exciton  emission 
of  neutral  shallow  acceptor  (![')  is  observed  in  the 
epilayer  grown  at  150°C,  whereas  it  is  not  ob¬ 
served  in  the  epilayers  grown  at  340  °  C  whether  or 
not  they  were  laser- irradiated.  Therefore,  impuri¬ 
ties  are  easily  incorporated  into  the  epilayers  grown 
at  low  temperature,  that  is,  the  low-temperature 
growth  will  be  advantageous  for  intentional  donor 
and  acceptor  doping. 
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4.  Conclusion 

ZnSe  epilayers  have  been  grown  by  photo-as¬ 
sisted  MBE  using  a  He-Cd  laser  (44L6  nm).  The 
substrate-temperature  dependence  of  the  photo¬ 
desorption  of  adatoms  on  the  surface  clarified  that 
the  photo-desorption  from  the  physical-  or  the 
chemical-adsorption  state  is  photo-enhanced 
"  thermal"  desorption.  The  activation  energies  are 
determined. 

The  epitaxial  layers  of  ZnSe  have  been  ob¬ 
tained  at  a  temperature  as  low  as  150°C  under 
light  irradiation.  The  free-exciton  emission  of  the 
irradiated  epilayer  grown  at  150°C  is  sharp  and 
strong,  comparable  to  that  of  the  unirradiated 
epilayer  grown  at  340  °C.  which  is  the  optimum 
growth  temperature  without  irradiation.  Photo-as¬ 
sisted  MBE  growth  of  ZnSe  is  a  u.seful  method  to 
prepare  high-quality  epilayers  at  low  tempera¬ 
tures. 


Acknowledgements 

This  study  was  partly  supported  by  a  Grant-in 
Aid  for  Scientific  Re.search  on  Priority  Areas. 


New  Functionality  Materials  -  Design.  F'?Dara- 
tion  and  Control,  the  Ministry  of  Education.  Sci¬ 
ence  and  Culture  of  Japan.  No.  02204001.  and 
also  by  a  Grant-in-Aid  from  the  Akai  Foundation 
and  the  Murata  Science  Foundation. 


References 


(1|  N.  Malsumura.  T.  Pukada  and  J.  Saraie.  J.  Crystal  Growth 
101  (1990)  61. 

(2|  N.  Matsumura.  M.  Tsubokura.  K.  Miyagawa.  N. 
Nakamura.  Y.  Miyanagi.  T.  Pukada  and  J.  Saraie.  Japan.  J. 
Appl.  Phys.  29  (1990)  L72.y 

(.J|  R.N.  Bicknell.  N'.C.  Cities  and  J.P  Sehetzina.  Appl.  Phys. 
Letters  49  (1986)  1095. 

|4|  R.L.  Harper.  Jr..  S.  Hwang.  N.C  Giles.  J.P.  Sehetzina. 
D.L.  Dreifus  and  T.H.  Myers.  Appl.  Phys.  Letters  54 
(1989)  170. 

|5)  T.  Yao  and  T.  Takeda.  J.  Crystal  Growth  81  (1987)  4.L 
|6|  H.H.  Farrell.  J.L.  de  Miguel  and  M.C.  Tamargo.  J.  Appl. 
Phy.s.  65  (1989)  4084. 

|7|  N.  Malsumura.  M.  Tsubokura.  J.  Saraie  and  Y.  Yodogawa. 

J.  Crystal  Growth  86  (1988)  311. 

|8|  T.  Yao.  Y.  Makita  and  S.  Maekawa.  Japan.  J  Appl.  Phys. 
20  (1981)  L741. 


792 


Journal  of  Crystal  Growth  111  (1991)792-796 
North-Holland 


Ultraviolet  irradiation  effect  on  the  MBE  growth  of  ZnSe/GaAs 
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Ultraviolet  light  irradiation  effects  on  the  MBE  growth  of  ZnSe/GaAs(001 )  were  investigated  hy  means  of  RHEED  observation. 
One  of  the  prominent  effects  induced  by  the  UV  irradiation  is  to  enhance  the  desorption  of  Se  molecules.  The  other  is  that  the  decay 
of  the  RHEED  oscillations  becomes  faster.  These  results  imply  the  enhanced  possibility  of  ihree-dimensiv  mI  ''-owth.  which  leads  to 
the  inferior  surface  morphology  of  the  ZnSe/GaAs  epilayers  grown  under  photo-irradiation.  Possible  spt,  m  on  photo-MBE 
growth  mechanisms  is  also  given. 


1.  Introduction 

Photo-assisted  MBE  is  a  new  technique  that 
has  been  developed  to  control  epitaxial  growth, 
and  several  photo-irradiation  effects  on  the  growth 
have  been  noted  [1-5],  So  far,  the  photo-irradia¬ 
tion  effects  on  growth  rate,  surface  morphology 
and  photoluminescence  properties  have  been  in¬ 
vestigated  mostly  on  the  grown  epilayers.  Photo¬ 
luminescence  properties  are  greatly  improved,  i.e.. 
stronger  excitonic  and  weak  deep  luminescence 
lines.  The  surface  morphology,  however,  becomes 
considerably  worse  compared  with  that  of  un¬ 
irradiated  layers.  The  growth  rate  is  still  a  con¬ 
troversial  point.  The  MBE  growth  mechanisms 
under  photo-irradiation  are  not  clearly  understood 
yet.  The  in-situ  observation  of  intensity  variation 
of  .specular  spot  in  RHEED  is  desirable  to  con¬ 
firm  them. 

In  this  paper,  we  report  the  experimental  re¬ 
sults  on  the  variation  of  RHEED  specular  inten¬ 
sity  during  the  MBE  growth  of  ZnSe/GaAs  under 
UV  light  irradiation.  Furthermore,  the  specular 
intensity  variation  during  the  adsorption  and  de¬ 
sorption  processes  of  Zn  atoms  or  Se  atoms  (mole¬ 
cules)  are  also  discussed.  These  in-situ  RHEED 
observations  are  the  direct  confirmation  of  the  UV 
irradiation  effect  during  the  growth  of  ZnSe/ 
GaAs. 


2.  Experimental  procedure 

Epitaxial  ZnSe  layers  were  grown  by  a  conven¬ 
tional  MBE  system  equipped  with  a  20  kV 
RHEED  gun.  Semi-insulating  Cr-.  O-doped  GaAs 
wafers  with  surface  orientation  of  (001)  were  used 
as  substrate  crystals.  They  were  etched  chemically 
in  a  solution  of  5H;S04 : 1  HiO^ :  1H;0.  rinsed  in 
deionized  water,  and  dried  with  N,  gas.  Prior  to 
the  growth,  they  were  thermally  cleaned  at  620  °  C 
for  5  min  in  the  growth  chamber  (base  pressure  of 
1X10”^  Pa.  without  As  flux),  confirming  the 
appearance  of  distinct  2x4  reconstruction  streaks. 
The  beam  pressure  was  measured  at  the  substrate 
position  by  a  nude  ion  gauge.  Prior  to  the  observa¬ 
tion  of  RHEED  characteristics.  ZnSe  buffer  layer 
was  grown  by  the  conventional  MBE  mode.  He- 
Cd  laser  light  (325  nm  lasing  wavelength,  10  mW 
output  power)  was  introduced  from  the  direction 
of  one  of  the  effusion  cells,  which  was  replaced  by 
a  quartz  window. 

The  specular  spot  intensity  in  the  RHEED  pat¬ 
tern  was  detected  by  a  photomultiplier  via  a  glass 
fiber  located  on  the  focal  plane  of  a  camera  lens, 
and  the  output  signal  was  processed  by  a  micro¬ 
computer.  The  shutters  of  effusion  cells  were 
driven  by  microcomputer-controlled  stepping  mo¬ 
tors.  The  time  required  to  open  or  to  close  the 
shutter  completely  was  about  0.1  s  or  less.  The 
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high  energy  electron  beam  (15  kV)  exerts  an  un¬ 
favorable  influence  of  the  epilayer  surface,  which 
prevents  us  from  studying  in  detail  the  growth 
mechanisms  [6,7].  We  used,  therefore,  the  lowered 
acceleration  voltage  of  typically  4-6  kV  with 
the  current  of  18-30  /xA. 


3.  Experimental  results  and  discussion 

J.I.  The  UV  light  irradiation  effect  on  the  desorp¬ 
tion  process  of  Se 

The  specular  intensity  ( )  variations  observed 
from  the  direction  of  AoU  [110]  during  the  adsorp¬ 
tion  and  desorption  of  Se  were  depicted  in  fig.  1 
for  several  UV  light  levels  from  0  to  220  mW/cm". 
Experiments  were  performed  using  the  shutter  se¬ 
quences  for  Zn  and  Se  beams  shown  in  the  figure 
under  =  1-5  x  10 Pa.  =  3.2  x  10  Pa 
and  7,„|,  =  300°C.  Following  the  buffer  layer 


Fig.  1  RHFED  specular  intensity  variations  during  growth 
interruption  under  several  UV  light  levels  from  0  to  220 
mW/cm'.  F.xpenmental  conditions  were  =  l  5x10  **  Pa. 
/>S,  =  3.2x10  Pa.  r,„h  =  300‘’C.  =  ft  kV  and  intidem 

azimuth  of  /ciJI  1 110]. 


growth,  the  interruption  of  Se  beam  flux  (Se  off 
and  Zn  on,  formation  of  the  Zn  stabilized  surface) 
results  in  the  increase  of  /,p.  After  a  short  interval 
(both  Se  and  Zn  ofO.  the  reversed  shutter  open¬ 
ings  (Se  on  and  Zn  off,  formation  of  the  Se 
stabilized  surface)  result  in  a  decrease  of  Then 
the  interruption  of  both  the  Zn  and  the  Se  beams 
(both  Se  and  Zn  off  brings  about  a  gradual  re¬ 
covery  of  /„p  to  the  intensity  level  of  the  Zn 
stabilized  surface. 

These  results  indicate  that  Se  on  the  surface 
desorbs  gradually,  and  finally  the  surface  changes 
to  the  Zn  stabilized  one.  This  fact  is  also  con¬ 
firmed  by  the  change  of  the  initial  Se  2  x  1  recon¬ 
struction  pattern  to  the  final  Zn  c(2  x  2)  recon¬ 
struction  pattern.  The  recovery  rate  (and  therefore 
the  desorption  rate  of  Se),  however,  depends  upon 
the  UV  light  intensity,  i.e.,  the  rate  becomes  larger 
with  increasing  UV  intensity.  At  lower  ^sub  the 
recovery  becomes  slower,  but  at  higher  ^sub  d 
becomes  faster  at  a  fixed  UV  light  intensity.  The 
two-stage  recovery  as  in  the  unirradiaied  and  25 
W/cm-  cases  in  fig.  1  is  generally  observed  when 
the  desorption  rate  is  low  enough,  i.e..  at  low  Up. 
low  ^sub  and  low  UV  light  intensity,  and  can  be 
ascribed  to  the  desorption  of  e.xcess  Se  molecules 
in  the  first  stage  and  that  of  Se  adatoms  in  the 
next  one.  A  detailed  discus.sion  will  be  shown  in 
ref.  [7].  The  results  in  fig.  1  lead  us  to  the  conclu- 
•sion  that  the  UV  irradiation  enhances  the  de.sorp- 
tion  of  the  excess  Se  molecules  and  and  Se 
adatoms.  In  other  words,  the  UV  irradiation  re¬ 
duces  the  effective  Vl/11  ratio  on  the  surface.  We 
al.so  tried  experiments  similar  to  those  fig.  1.  in 
which  the  initial  surface  was  the  Zn  stabilized  one 
to  mea.sure  Zn  de.sorption.  It  is  noted  that  almost 
no  contribution  of  the  UV  light  to  the  enhance¬ 
ment  of  Zn  desorption  is  observed. 

The  chemical  bonds  between  Se  atoms  on  the 
outermost  surface  and  Zn  atoms  behind  are  com¬ 
posed  of  sp'  orbits.  UV  light  irradiation  larger 
than  the  band  gap  energy  creates  free  electron- 
hole  pairs.  The  free  holes  may  be  captured  by  the 
electrons  in  the  sp’  bond,  resulting  in  bonded  Se 
atoms  to  e.scape  easily  from  the  surface.  Experi¬ 
mentally.  this  can  be  observed  as  the  reduction  of 
the  VI/1 1  ratio,  in  other  words,  the  reduction  of 
the  sticking  coefficient  of  Se.  In  the  experiments. 
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the  photo-irradiation  effect  is  hardly  observed  for 
the  Zn  surface.  This  difference  in  contribution  to 
Se  and  to  Zn  cannot  be  understood  yet. 

}.2.  The  UV  light  irradiation  effect  on  the  RHEED 
oscillation 

The  UV  irradiation  effect  during  the  MBE 
growth  was  studied  also  by  monitoring  the 
RHEED  intensity  oscillation  of  the  specular  spot. 
The  results  are  shown  in  fig.  2  for  several  irradia¬ 
tion  levels.  The  experiments  were  performed  under 
the  same  flux  conditions  as  those  in  fig.  1  at 
elevated  of  400  °C.  After  growing  the  ZnSe 
buffer  layer,  the  surface  was  exposed  only  to  the 
Zn  flux  by  interrupting  the  Se  flux  for  30  s.  This 
relatively  long  interruption  of  the  Se  flux  is  nece.s- 
sary  to  obtain  a  distinct  RHEED  oscillation.  Dur¬ 
ing  the  Se  interruption,  the  Zn  terraces  on  the 
surface  coalesce  and/or  the  Zn.Se  molecules  and 
micro-terraces  evaporate,  giving  rise  to  a  smoother 
surface.  Interruption  of  Zn  flux,  on  the  other 
hand,  gives  only  poor  RHEED  oscillation.  Without 
Zn  flux,  not  only  Se  but  also  Zn  atoms  evaporate 


Fig.  2,  RHFF.D  oiscilldtion.s  under  UV  ligh(  irradiation  with 
several  iniensiiy  levels.  Experimeuial  condition.s  were  = 

X  10  ^  Pa.  Pst  =  3  2  X  10  “  Pa.  =  400°C.  P'p  =  6  kV  and 
incident  azimuth  of  A|,||  [llO]. 


from  the  vicinal  surface,  resulting  in  the  degrada¬ 
tion  of  the  surface  morphology.  It  should  be  noted 
that  at  this  high  no  sudden  increase  of  by 
exposing  to  Zn  flux  as  in  fig.  1  was  observed,  but 
4p  gradually  decreases.  Fig.  2  clearly  shows  that 
the  RHEED  oscillation  decays  faster  with  increas¬ 
ing  UV  intensity.  The  RHEED  oscillation  is  the 
measure  of  layer-by-layer  growth.  The  results  in 
fig.  2,  therefore,  point  out  that  the  UV  irradiation 
has  an  unfavorable  effect  on  the  layer-by-layer 
growth,  and  rather  enhances  the  possibility  of 
three-dimensional  growth. 

In  the  present  experiment,  no  change  in  the 
oscillation  period  is  observed  within  the  experi¬ 
mental  accuracy,  and  also,  the  initial  amplitude  of 
the  oscillation  is  almost  the  same  irre.sf>ective  of 
the  UV  light  intensity.  In  the  MBE  growth  of 
GaAs.  it  is  well  known  that  no  RHEED  oscilla¬ 
tion  becomes  to  be  observed  at  higher  be- 
cau,se  the  growth  mechanism  changes  from  the 
nucleation  and  growth  to  the  step  flow  growth  [8], 
The  experimental  results  rule  out  the  (Kcurrence 
of  the  step  flow  growth  in  ZnSe/GaAs.  It  is  also 
noted  that  the  growth  rate  is  kept  almost  un¬ 
changed  in  spite  of  the  fact  that  the  UV  irradia¬ 
tion  enhances  the  Se  de.sorption. 

Se  atoms  or  molecules  near  the  surface  will 
combine  with  Zn  atoms  forming  ZnSe  molecules. 
The  epilayer  growth  may  take  place  with  these 
ZnSe  molecules.  It  seems  that  the  probability  of 
the  molecule  formation  increases  by  photo-irradia¬ 
tion.  because  an  increa.sed  number  of  Se  atoms  or 
molecules  should  exist  near  the  surface,  compared 
with  the  unirradiated  case.  This  growth  mecha¬ 
nism  prevents  each  surface  atom  or  molecule  from 
migrating,  which  results  in  the  enhancement  of  the 
three-dimensional  growth  and  in  the  inferior  mor¬ 
phology  of  the  grown  epilayers  [3-5], 

.f.f.  The  W  light  irradiation  effect  during  the  growth 

The  two  effects  caused  by  the  UV  irradiation 
mentioned  above  are  clearly  seen  in  the  experi¬ 
ments  shown  in  fig.  3.  where  the  specular  intensi¬ 
ties  during  the  conventional  MBE  and  photo-MBE 
growths  are  observed.  Experiments  were  per¬ 
formed  under  nearly  the  same  flux  conditions  as 
in  fig.  1,  i.e..  1.6X10  ^  Pa.  = 
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Fig.  3.  RHEF.D  specular  intensities  dunng  conventional  and 
photo-MBE  growths  for  (a)  }Si)° C  and  (b)  = 

400  °C.  Experimental  conditions  are  Esc 

=  3.3  X  10  ■*  Pa.  Ip  =  5  kV  and  incident  azimuth  of  /c,,i|  (100). 


10  Pa  and  Z,h  =  350'='C  in  fig.  .3a  and  7^,,^  = 
400  °C  in  fig.  3b.  In  these  experiments  the  inci¬ 
dent  azimuth  of  AnH  (100)  is  utilized,  because  the 
separation  between  each  diffraction  spot  due  to 
the  bulk  crystal  is  larger  than  that  of  A„||  [IlOJ. 
which  results  in  better  spatial  resolution  between 
the  specular  spot  and  the  diffraction  spots.  The  Zp 
variation  in  /tnll  [100]  becomes  qualitatively  the 
same  as  that  in  *,,11  [110).  becau.se  the  /^p  variation 
in  *,,11  [110]  is  very  weak. 

At  7,up  =  350°C  (fig.  3a).  Zp  increases  im¬ 
mediately  after  the  UV  irradiation  is  initiated  and 
then  decreases  gradually  and  tends  to  saturate 
during  the  irradiation  period.  When  the  UV 
irradiation  is  stopped.  /,p  drops  with  the  same 
amount  of  the  increase  observed  at  the  onset  of 
the  UV  irradiation.  Thus  Zp  once  drops  below  the 
unirradialed  intensity  level  (the  dashed  line),  and 
then  it  returns  gradually  to  the  unirradiated  inten¬ 
sity  level.  At  7'.„p=400°C  (fig.  3b).  Zp  .shows 
similar  behavior  to  that  in  fig.  3a,  except  that  no 
steep  rise  and  only  a  small  drop  are  observed.  The 
decay  rate  of  Zp  during  the  photo-irradiation  is 
a'so  smaller  compared  with  that  in  fig.  3a. 

The  steep  ri.se  and  drop  are  ascribed  to  the 
increase  and  decrea.se  in  the  effective  VI/II  ratio 
cau.scd  by  the  photo-irradiation,  respectively.  The 


atomic  composition  on  the  surface  or  the  surface 
stoichiometry  depends  on  the  Vl/II  ratio.  If  the 
surface  becomes  in  Zn-rich  condition,  /^p  moves 
toward  that  of  the  Zn  stabilized  surface,  i.e..  Zp 
increases,  and  vice  versa.  The  fact  that  almost  no 
increase  or  only  a  small  amount  of  decrease  of  Zp 
is  observed  at  =  400  °C  indicates  that  the  UV 
irradiation  plays  a  minor  role  in  changing  the 
VI/Il  ratio.  That  is.  the  thermally  activated  de¬ 
sorption  of  Se  dominates  at  high 

The  gradual  decreases  in  Zp  during  the  photo- 
MBE  growth  reflect  the  surface  roughening  due  to 
the  enhanced  possibility  of  the  three-dimensional 
growth.  At  high  of  400  °C.  increased  prob¬ 
ability  of  thermally  stimulated  migration  of  the 
surface  atoms  will  reduce  the  effect  of  the  photo- 
induced  three-dimensional  growth,  which  results 
in  a  slower  decay  of  /.p.  The  recovery  of  /.p 
toward  the  conventional  MBE  level  after  the  UV 
light  is  stopped  indicates  that  the  surface  becomes 
smoother  again. 


4.  Summary 

To  study  the  UV  irradiation  effect  on  the  MBE 
growth  of  ZnSe/GaAs.  the  RHEED  specular  beam 
intensity  variations  during  the  growth  and  during 
the  adsorption  and  desorption  processes  of  Se 
atoms  and  molecules  on  the  (001 )  ZnSe  surface 
v.ere  investigated.  The  obtained  results  are  as  fol¬ 
lows; 

(1)  UV  light  affects  the  bonding  between  the  out¬ 
ermost  Se  atoms  and  the  Zn  atoms  behind  to 
unbind  the  Se  atoms,  resulting  in  an  increase  of 
the  desorption  rate  of  Se;  in  other  words,  an 
decrease  of  the  effective  VI/II  ratio  on  the  surface. 
Almost  no  effect  on  the  outermost  Zn  atoms  is 
observed. 

(2)  The  damping  of  RHEED  oscillations  is  en¬ 
hanced.  This  result  implies  that  the  UV  irradiation 
rather  prevents  the  surface  atoms  from  migrating, 
i.e.,  cau.ses  three-dimensional  growth,  which  leads 
to  inferior  surface  morphologies  of  the  grown  epi- 
layers.  It  still  remains  an  open  question  why  the 
epilayers  with  the  worse  morphologies  show  im¬ 
proved  photoluminescence  properties. 
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Doping  of  nitrogen  acceptors  into  ZnSe  using  a  radical  beam 
during  MBE  growth 

K.  Ohkawa.  T.  Karasawa  and  T.  Mitsuyu 

Central  Research  Luihnratories,  Matsushita  Electric  Ind.  Co..  Ltd..  Morij^uchi,  Osaka  570.  Japan 


A  new  method  of  doping  for  ZnSe  was  attempted  hy  using  a  neutral  radical  beam  during  the  MBE  growth.  The  radical  beam 
dominantly  consisted  of  N-  molecular  radicals  at  A’ilJ  state.  The  sticking  coefficient  of  nitrogen  was  remarkably  enhanced:  thus 
this  doping  method  was  able  to  incorporate  N  into  ZnSe  by  lO''*  cm  \  The  existence  of  shallow  N  acceptors  was  confirmed  by 
photolurmnescence  measurements;  recombination  of  free  electrons  and  acceptor  holes  (FA)  at  room  temperature  and  recombination 
of  donor-acceptor  pairs  at  low -temperature  were  ob.served.  The  FA  emission  was  observed  only  for  ZnSe  layers  with  mixlerate 
doping  level,  which  shows  p-type  conduction  The  earner  concentration  was  the  order  t>f  lO"  cm  '.  The  activation  of  N  in  ZnSe  was 
less  than  Ki. 


I.  Introduction 

It  is  difficult  to  control  the  electrical  conduc¬ 
tion  in  wide  band-gap  1 1- VI  semiconductors  such 
as  ZnSe  and  ZnS.  High-quality  n-type  ZnSe  with 
carrier  concentration  up  to  lO''*  cm  '  has  been 
succe.s.sfully  controlled  by  Cl-doping  in  molecular 
beam  epitaxial  (MBE)  growth  [1).  On  the  contrary, 
many  attempts  in  the  MBE  process  were  made  to 
incorporate  shallow  acceptors  in  ZnSe  to  realize 
low-resistivity  p-type  conduction  [2-5].  It  is  ex¬ 
tremely  difficult  to  grow  p-type  ZnSe  with  high 
carrier  concentration  like  the  n-type  ZnSe.  Nitrev 
gen  is  the  most  promising  element  as  a  p-type 
dopant  [6].  Doping  of  N  in  MBE  process  is  very- 
difficult.  because  of  the  low  sticking  coefficient  of 
N,  and  NH,  neutral  molecules.  In  previous  work, 
we  attempted  ion  doping  with  high-purity  N  ‘  or 
N-'  ion  beam  during  the  MBE  growth  of  ZnSe  to 
enhance  the  sticking  coefficient  of  nitrogen  [7]. 
The  N-doped  ZnSe  layers  grown  by  this  method 
exhibited  good  low-temperature  photolumines- 
cence  (PL)  spectra:  a  dominant  acceptor-bound 
exciton  line  (1,)  and  well-suppressed  other  emis¬ 
sions.  However,  the  electrical  properties  of  the 
sample  exhibited  high  resistivity.  The  crystallinity 
was  degraded  by  ion  damage  under  heavy  doping 
condition  attempting  to  realize  p-type  conduction. 


Considering  this  result,  we  have  attempted  a 
new  doping  method  using  a  neutral  radical  beam 
during  the  MBE  growth.  The  kinetic  energy  of  the 
radical  beam  is  the  order  of  the  thermal  energy. 
Then  we  can  expect  that  by  this  method  one  can 
dope  with  low  damage. 

In  this  paper,  we  describe  the  energy  states  of 
the  radicals  and  the  characterization  of  the  N- 
doped  ZnSe  layers  with  various  N  concentrations. 
The  results  of  Hall  measurements  are  also  de¬ 
scribed. 


2.  Experimental  procedure 

The  substrates  u.sed  were  undoped  semi-in.sulat- 
ing  GaAs  wafers  with  (100)  orientation.  The  sub¬ 
strate  was  treated  in  an  ordinary  cleaning  prtxfe.ss 
(I).  Source  materials  are  elemental  Zn.  Se  and  N- 
or  NH,  gas  for  the  nitrogen  radical  beam.  The 
substrate  was  irradiated  with  Zn.  Se  and  the 
nitrogen-radical  beams  simultaneously.  The  sub¬ 
strate  temperature  during  the  growth  was  M5°C. 
The  beam  flux  ratio  Usc/J/n)  usually  kept  at 
about  1.  The  layer  thickness  w-as  1.5-4  pm.  The 
background  pre.ssure  was  about  1  X  10  Torr. 
but  the  pres.sure  at  the  radical  beam  operation  was 
of  the  order  of  10  '  Torr. 
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The  PL  properties  were  measured  at  12  K  or 
room  temperature.  The  excitation  was  the  325  nm 
line  from  a  He-Cd  laser.  The  excitation  power 
density  was  as  low  as  0.1  W/cm’. 

3.  Characteristics  of  nitrogen  radical  beam 

The  radical  beam  source  (Oxford  Applied  Re¬ 
search)  was  mounted  in  the  MBE  chamber.  The 
beam  source  operated  by  means  of  an  electrical 
discharge  created  from  inductively-coupled  RF  ex¬ 
citation  at  13.56  MHz. 

We  measured  optical  emission  spectra  of  the  N, 
and  NH,  plasma  from  220-700  nm.  The  second 
and  the  first  B’H^ AX*  ) 
positive  emission  hands  of  the  N,  molecules  were 
obsers'ed.  but  the  N  atomic  lines  and  the  N  ’  ionic- 
lines  were  not  observed  in  the  spectra.  Strong  H 
atomic  lines  were  observed  in  the  spectrum  of  the 
NH,  plasma.  The  spectra  indicate  that  the  nitro¬ 
gen  radicals  consist  of  metastable  N;  molecules  in 
the  case  of  both  the  N,  and  the  NH,  gas  sources. 


It  was  confirmed  by  mass  spectroscopy  analysis 
that  NH„  (rt  =  0.  1,  2.  3)  molecules  were  not  ob¬ 
served  in  the  MBE  chamber  at  the  radical  beam 
operation  using  NH,  gas.  Considering  the  lifetime 
of  each  state  [8,9],  the  N2  radicals  from  the  beam 
source  would  be  the  A^21„  state. 

We  evaluated  the  vibrational  temperature  of 
the  N,  radicals  to  be  about  4500  K  from  the 
second  positive  emission  bands  of  the  spectra.  It  is 
natural  to  estimate  its  rotational  temperature  from 
classical  equipartion  of  energy  to  be  of  same  value 
of  kinetic  energy.  The  kinetic  energy  equals  the 
temperature  around  1100  K  of  the  RF  discharge 
cell,  as  the  pressure  in  the  cell  would  be  about  50 
mTorr.  These  thermal  energies  are  fairly  weak 
compared  with  the  ion  energy  of  about  100  eV  in 
our  previous  work  [7]. 

4.  Results  and  discussion 

Fig.  la  shows  a  typical  PL  .spectrum  of  an 
undoped  ZnSe  layer  at  12  K.  It  is  found  that  the 


440  450  500  550  600 


WAVELENGTH  (nm) 

Fig.  1  12  K  PL  spectra  obtained  from  (a)  undoped  ZnSe.  (b)  lightly  N-doped  ZnSe  grown  by  irradiation  of  N;  beam  and  (c) 
N-dttped  ZnSe  (IN)  =  2  2  x  10'“ cm  ')  grown  by  using  a  radical  beam  source. 
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undoped  ZnSe  layer  exhibits  a  dominant  free  exci- 
ton  peak  (E^)  at  2.801  eV,  well  suppressed  donor- 
bound  exciton  lines  (I,)  at  2.798  and  2.796  eV, 
and  a  Y  line  at  2.602  eV,  indicating  that  a  high- 
quality  crystal  with  low  donor  and  acceptor  im¬ 
purities  is  obtained. 

I  ightly  N-doped  ZnSe  layers  were  grown  by 
irradiation  of  the  N,  gas  beam  from  the  radical 
beam  .source  without  RF  power.  The  background 
pressure  of  the  MBE  chamber  was  about  2  x  10 
Torr.  The  PL  spectrum  of  the  sample  is  shown  in 
fig.  lb.  This  PL  spectrum  was  almost  the  same  as 
that  of  the  undoped  ZnSe  shown  in  fig.  la  except 
for  the  weak  1,  lines  at  2.792  and  2.790  eV. 
radiative  recombination  of  free  electrons  and 
acceptor  holes  (FA)  at  2.711  eV  and  radiative 
recombination  of  donor-acceptor  pair  (DAP)  at 
2.696  eV.  This  result  indicates  the  low  sticking 
coefficient  of  the  unexcited  nitrogen. 

Strong  DAP  emission  at  2.681  eV  was  observed 
in  N-doped  ZnSe  layers  grown  by  using  the  N. 
radical  beam  as  shown  in  fig.  Ic.  in  spite  of  the 
same  N.  flow  level  with  the  above  N,  beam 
without  RF  power.  The  1,  line  was  very  weak,  of 
the  order  of  10  ".  compared  with  intensity  of  the 
DAP  emi.ssion.  and  deep-level  emission  was  not 
observed  except  for  the  case  of  the  NH,  gas  for 
the  radical  beam  source.  The  deep-level  emis.sion 
was  observed  at  around  2.15  eV.  We  suppose  that 
hydrogen  is  responsible  for  the  deep  level.  This 
strong  DAP  emi.ssion  indicates  that  the  N;  radi¬ 
cals  at  the  A'2^J  state  have  a  higher  sticking 
coefficient  than  N,  at  the  ground  state  and  the 
radicals  are  doped  into  ZnSe  as  a  shallow  accep¬ 
tor.  One  of  the  reasons  for  the  enhancement  of  the 
N  doping  would  be  due  to  a  decrease  of  the 
dissociation  energy,  namely,  the  dis.stx'iation  en¬ 
ergy  of  the  N.  molecules  at  the  ground  state  is  9.9 
eV.  but  that  of  the  N.  radical  at  the  A’i’J  state  is 
.7.9  eV.  Furthermore,  the  radical  has  thermal  en¬ 
ergy  (kinetic,  rotational  and  vibrational  energy)  of 
about  0.6  eV. 

We  have  carried  out  secondary  ion  mass  .spec¬ 
troscopy  (SIMS)  analysis  of  N-doped  ZnSe  layers, 
and  evaluated  the  N  concentration  using  SeN 
secondary  ions.  The  best  detection  limit  was  3  x 
lO'  cm  '.  Other  acceptor  impurities.  K  and  Na. 
were  detected  in  the  N-doped  ZnSe  layers.  The 


N  CONC^TRATION  (cm*’) 

Fig.  2.  Peak  iniensily  of  DAP  emission  from  N-doped  ZnSe 
layers  ai  various  N  concentralions. 


signal  levels  of  K  an  Na  were  as  low  as  the 
undoped  ZnSe  layer  which  showed  a  high-purity 
PL  spectrum  in  fig.  la.  and  these  concentration 
were  le.ss  than  lO''  cm  '.  In  addition,  the  N 
concentration  decreased  in  higher  beam  flux  ratio 
From  these  results,  it  is  believable  that  the 
acceptors  in  the  doped  layers  have  actually 
originated  from  N.  .A  steplike  profile  of  the  N 
concentration  was  observed  clearly,  which  well 
coincided  with  the  structure  of  the  sample,  i.e.. 
N-doped/undoped/GaAs.  It  was  found  that  the 
diffu.sion  of  N  in  ZnSe  at  the  growth  conditions 
(325°C.  4  h)  was  less  than  0.1  ^im.  The  diffusion 
of  N  is  very  slight  compared  with  that  of  Li  [10]. 
which  is  the  typical  dopant  for  p-type  conduction. 

Peak  intensity  of  DAP  emission  depends  on  the 
N  concentration,  as  shown  in  fig.  2.  The  maximum 
N  concentration  attained  about  1  x  10'''  cm  \  It 
is  found  that  the  DAP  peak  intensity  decreases 
with  an  increase  of  the  N  concentration,  indicat¬ 
ing  that  non-radialive  centers  are  induced  by  the 
doping.  Although  the  N  concentration  depended 
on  various  parameters,  there  is  a  tendency  that  a 
lower  pressure  of  the  discharge  cell  causes  higher 
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N  concentration.  It  means  that  the  Ni  radicals 
were  quenched  by  collisions  with  other  molecules. 

ZnSe  with  high  N  concentration  around  1  x 
lO'*'  cm”’  was  still  single  crystal  in  this  radical 
doping  technique.  This  is  a  remarkable  improve¬ 
ment  on  our  previous  work  [7];  ZnSe  layers  grown 
by  ion  doping  technique  were  polycrystal  even  for 
N  concentration  of  2  x  10'**  cm”  ’. 

Electrical  properties  of  the  N-doped  ZnSe  layers 
were  measured  with  the  Van  der  Pauw  method. 
Most  samples  exhibited  high  resistivity.  The  sam¬ 
ple  with  the  N  concentration  of  2.2  x  10'**  cm  ’ 
showed  p-type  conduction  at  room  temperature. 
The  hole  concentration  is  4.4  x  10”  cm  ’ thus 
activation  of  N  in  ZnSe  is  as  low  as  0.2%.  The 
Hall  mobility  is  86  cm’/V  •  .s.  More  heavily-doped 
layers  ([N]  ^  4  X  10'**  cm  ' )  did  not  exhibit  p-type 
conduction.  Considering  the  abrupt  decrease  of 
the  DAP  peak  intensity  around  [Nl  =  3xl0"* 
cm  '  in  fig.  2.  the  nonradiative  centers  which 
relate  with  carrier  traps  would  be  created  by  over¬ 
doping. 


WAVELENGTH  (nm) 

Fig.  y.  R(>om-lempera!ure  PL  spectra  from  (a)  p-type.  (b) 
n-type  and  (c)  high-resistivity  ZnSe  layers. 


The  PL  spectra  of  p-type  ([N]  =  2.2  X  10'** 
cm”’.  /)(300K)  =  4.4x  10'’  cm”’),  n-type  (Cl- 
doped,  n(300K)  =  6.7  x  lO'*  cm”’)  and  high-re¬ 
sistivity  (undoped)  ZnSe  layers  at  room  tempera¬ 
ture  are  shown  in  fig.  3.  The  dominant  peak  at 
2.687  eV  in  each  sample  is  an  emission  due  to 
recombination  of  donor  electrons  and  free  holes  in 
the  valence  band  (DF).  A  peak  at  2.616  eV  was 
observed  only  for  the  p-type  ZnSe.  A  similar  peak 
was  observed  in  the  p-type  Li-doped  ZnSe  [11]. 
This  is  2.616  eV  peak  would  be  recombination  of 
free  electrons  in  the  conduction  band  an  acceptor 
holes  (FA).  These  DF  and  FA  peak  energies  can 
be  calculated  from  the  equations  — 

+  3.5  meV.  Awp^  =  where  £„ 

and  E^  are  the  donor  and  acceptor  ionization 
energies,  respectively  [12].  Inserting  E^  =  2.715  eV 
[13],  £[)  and  £*  are  estimated  to  be  31  and  112 
MeV.  re.spectively.  These  Ep  and  £^  are  in  good 
agreement  with  the  values  for  Cl  donors  and  N 
acceptors  determined  bv  optical  measurements 
[14.15]. 

5.  Conclusion 

We  have  grown  N-doped  ZnSe  layers  by  MBE 
using  the  radical  beam  .source.  Dominant  radicals 
created  by  RF  di.scharge  were  N,  molecular  radi¬ 
cals  at  the  A’2.’J  state.  This  new  method  was  able 
to  incorporate  N  around  1  X  10''*  cm  ’  with  low 
damage.  The  FA  peak  was  observed  in  room  tem¬ 
perature  PL  measurement  only  for  N-doped  ZnSe 
with  p-iype  conduction.  The  carrier  concentration 
was  4.4  X  lO''  cm  '.  Activation  of  N  doped  in 
ZnSe  was  as  low'  as  0.2%.  More  work  will  be 
needed  to  enhance  the  activation  of  N.  The  over¬ 
doped  layers  showed  high  resistivity;  thus  the  non¬ 
radiative  centers  would  be  created  by  the  overdop¬ 
ing.  N  atoms  in  ZnSe  scarcely  diffuse  (  <  0.1  /rm) 
under  our  growth  conditions. 
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by  atomic  layer  epitaxy 
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(ZnSe),„-(ZnTe)„  >hort-perio<i  strained  layer  superlaltices  (SLSs)  were  grown  by  atomic  layer  epitaxy  using  the  molecular  beam 
epitaxy  technique.  Transmission  electron  microscopy.  X-ray  diffraction  and  Raman  scattering  measurements  were  carried  out  to 
evaluate  the  grown  SLSs.  ft  was  proved  that  the  atomic  layer  epitaxy  enabled  growth  of  fine  short-peritxl  superlattice  structures 
which  have  abrupt  interfaces  with  at  most  one-monolayer  steps. 


I 
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I.  Introduction 

Wide-bandgap  11 -VI  compound  semiconduc¬ 
tors.  especially  ZnS.  ZnSe  and  ZnTe.  are  materials 
promising  for  visible  light  emitting  devices.  A 
combination  of  ZnSe  and  ZnTe  in  the  form  of 
strained  layer  superlattices  (SLSs)  provides  poten¬ 
tially  attractive  features;  a  wide  range  of  modula¬ 
tion  in  the  band  gap  energy  from  1.9  to  2.4  eV  [1] 
and  realization  of  amphoteric  conduction  doping 
[2].  The  atomic  layer  epitaxy  (ALE)  has  become 
attractive  as  a  new  technique  to  grow  11-Vl  com¬ 
pound  semiconductors  [3.4]  and  strained  layer  su¬ 
perlattices  (SLSs)  with  large  strain  [5-7].  We  have 
already  reported  successful  growth  and  characteri¬ 
zation  of  ZnSe  and  ZnTe  films  [8],  and  pre¬ 
liminary  results  of  ZnSe-ZnTe  SLSs  [9]  by  ALE. 
In  this  paper,  growth  and  characterization  of  the 
short-period  SLSs  are  presented  in  detail. 
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2.  Experiments 

The  conventional  molecular  beam  epitaxy 
(MBE)  system  with  solid  sources  was  used  for  the 
ALE  growth.  Three  K-cells  contained  elemental 
Zn.  Se  and  Te.  and  a  shutter  above  each  cell  was 
manipulated  with  a  stepping  motor  controlled  by 
a  personal  computer.  The  shutters  of  Zn  and 
chalcogens  were  alternatingly  opened  and  closed 
for  7  s  with  an  interval  of  1  s.  The  ideal  ALE 
growth,  i.e..  one-monolayer  growth  per  cycle,  was 
achieved  in  the  substrate  temperature  range  of 
250-350  °C  for  ZnSe  [8].  As  for  ZnTe.  high  inten¬ 
sity  of  the  Te  beam  is  required  to  obtain  a  growth 
rate  of  one  monolayer  per  cycle  but  degrades  its 
surface  morphology  with  hillocks,  which  may  con¬ 
sisted  of  Te  precipitates.  In  order  to  obtain  high- 
quality  ZnTe  films,  we  employed  low  intensity  of 
the  Te  beam  [10].  Under  this  condition,  the  growth 
rate  per  cycle  is  less  than  one  monolayer  and 
depends  on  substrate  temperature.  With  alternat¬ 
ing  supply  of  Zn  and  Te.  ZnTe  films  with  good 
surface  morphology  were  grown  at  250  °C.  This 
temperature  is  also  .suitable  for  the  ALE  of  ZnSe. 
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(ZnSe),,.-(ZnTe)„  (w,  /i  =  l-4)  short-period 
SLSs  were  grown  on  (100)  InP  substrates.  The 
substrates  were  chemically  etched  by  a  solution  of 
H2SO4,  HjOi  and  HjO.  Before  the  growth,  ther¬ 
mal  treatment  was  carried  out  at  450  °C  for  15 
min  without  molecular  beams.  Then  a  few  mono- 
layers  of  ZnSe  and  ZnTe  were  altematingly  grown 
without  buffer  layers.  The  substrate  temperature 
was  250  °C.  which  is  70  °C  lower  than  that  used 
for  the  conventional  MBE.  The  growth  rates  were 
exactly  one  monolayer  per  cycle  for  ZnSe  and  0.5 
monolayer  per  cycle  for  ZnTe.  Therefore,  one 
monolayer  of  ZnTe  was  grown  with  two  cycles  of 
the  supply  .sequence.  The  total  film  thickness  was 
1500-2500  A. 


3.  Results  and  discussion 

FEM  study 

Transmission  electron  microscopy  (TEM)  was 
performed  to  investigate  the  SLS  structures.  Fig.  1 
shows  the  transmission  electron  diffraction  pat¬ 
tern  of  the  (ZnSe), -(ZnTe),  SLS  for  the  [010] 
electron  beam  incidence.  The  satellite  spots  (from 
the  0th  to  the  third)  along  the  [100]  direction  are 
clearly  observed,  which  indicates  a  fine  super¬ 
lattice  structure.  The  diffraction  pattern  also  in¬ 
cludes  that  from  the  InP  substrate,  and  the  dif¬ 
fraction  spots  for  InP  coincide  with  those  for  the 
SLSs.  This  suggests  that  the  lattice  constant  of  the 
SLS  along  the  growth  direction  is  equal  to  that  of 
InP.  Since  the  lattice  constant  of  InP  is  an  average 
of  those  of  ZnSe  and  ZnTe,  it  can  be  said  that  the 
numbers  of  monolayers  in  each  ZnSe  and  ZnTe 
layer  were  the  same.  The  lattice-match  with  the 
substrate  is  also  seen  in  X-ray  diffraction,  as  will 
be  mentioned  later. 

Fig.  2  shows  the  dark  field  image  of  the 
(ZnSe)2-(ZnTe>2  SLS  for  the  200  diffraction 
beam.  High-contrast  stripes,  which  consist  of  a 
dark  stripe  for  ZnSe  and  a  bright  stripe  for  ZnTe, 
are  clearly  observed.  Abruptness  and  flatness  of 
the  interfaces  are  not  as  good  as  those  for  the 
(GaAs)2-(AlAs)2  superlattice  grown  by  metalor- 
ganic  chemical  vapour  epitaxy  [11]  or  the 
(GaAs)4-(AlAs)4  superlattice  grown  by  MBE  [12]. 


Fig,  1.  Transmission  electron  diffraction  pattern  of  the 
(ZnSe), -(ZnTe),  SLS  for  the  |010J  electron  beam  incidence. 

But  for  the  facts  that  the  (ZnSe)2-(ZnTe),  SLS 
involves  1%  lattice  mismatch  and  was  heteroepi- 
taxially  grown  on  InP  substrate,  the  TEM  micro¬ 
graph  shows  presence  of  a  fine  superlattice  struc¬ 
ture  which  has  an  abrupt  interface  with  at  most 
one-monolayer  steps. 

Fig.  3  shows  a  high-resolution  TEM  image  of 
the  (ZnSelj-fZnTe),  SLS  for  the  [011]  electron 
beam  incidence.  Alternating  layers  of  ZnSe  and 
ZnTe  were  observed  after  a  few  periods.  The 
numbers  of  monolayers  in  each  ZnSe  and  ZnTe 
layer  are  estimated  to  be  3  on  average.  In  the 
image,  bright  and  dark  stripes  correspond  to  ZnSe 
and  ZnTe  layers,  respectively.  Interfaces  of  ZnTe 
on  ZnSe  appear  to  be  smoother  than  those  of 
ZnSe  on  ZnTe.  This  difference  may  be  due  to  that 
ZnSe  layer  was  grown  by  ALE  but  that  ZnTe 
layer  was  not.  The  poor  uniformity  in  thickness  of 
the  ZnTe  layer  was  already  discussed  in  terms  of 


804 


Y.  Takemura  el  al.  /  (T-nSet^-tT-nTe)^  shorl-pertud  SLSs  prepared hy  ALE 


Fig.  2.  Dark  field  TEM  image  of  the  (ZnSelj-fZnTelj  SLS  for 
the  200  diffraction  beam. 


the  photoluminescence  spectrum  of  the  (ZnSe), 
(ZnTe),  monolayer  superlattice  [9.13],  Disloca¬ 
tions  observed  in  fig.  3  and  stacking  faults  ob¬ 
served  in  the  dark  field  image  may  have  been 
caused  by  residual  oxide  on  InP. 


i.2.  X-ray  diffraction  measurements 

Fig.  4  shows  the  conventional  X-ray  diffraction 
patterns  of  the  (ZnSe)„-(ZnTe)„  ( n  =  2.  3,  4)  SLSs. 
As  observed  by  TEM.  the  lattice  constants  of  the 
SLSs  along  the  growth  direction  are  equal  to  that 
of  InP.  In  the  X-ray  diffraction,  the  lattice-match 
with  substrate  is  confirmed  by  coincidence  of  the 
diffraction  angle  for  the  0th  satellite  from  the  SLS 
with  that  of  InP.  as  shown  in  fig.  4.  The  figure 
also  shows  the  theoretical  angles  and  intensities  of 
the  satellites.  It  was  found  that  the  actual  numbers 
of  ZnSe  and  ZnTe  monolayers  were  equal  to  the 
designed  numbers  for  all  the  samples.  Poor  uni¬ 
formity  in  thickness  of  the  ZnTe  layer  as  men¬ 
tioned  in  the  TEM  analysis  causes  a  slight  dif¬ 
ference  between  experimental  and  theoretical  an¬ 
gles  in  the  diffraction  pattern. 


Fig.  3.  High-resolulion  TEM  image  of  the  <ZnSe)j-(ZnTe)j  SLS  for  the  [Oil]  electron  beam  incidence. 
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Fig.  4.  \-ra>  diffraction  pallern^  of  the  (ZnSe)„ -(ZnTc)„  SLSn 
in  =  2,  .1.  4). 


T.J.  Ramuii  scaaenn^  measurements 


RAMAN  SHIFT  (cm"'') 

Fig.  5.  Raman  spectra  of  the  (ZnSe)4-(ZnTe)^  and  the 
iZnSe)4-(ZnTe)4  SLSs. 


SLS  structures  with  various  layer  thickness  were 
theoretically  estimated,  assuming  the  free  standing 
configuration  [14],  An  effect  of  a  short  periodicity 
on  the  phonon  frequency  was  not  taken  into 
accvtunt.  The  parameters  used  in  the  calculation 
are  adopted  from  ref.  [15].  As  shown  in  fig.  6. 


Raman  scattering  measurements  were  per¬ 
formed  at  room  temperature  in  the  backscattering 
arrangemeni  along  the  [100]  direction  with  the 
Ar-ion  laser  line  (5145  A).  In  the  Raman  spectra, 
the  wave  number  of  the  LO  phonon  is  shifted 
from  the  bulk  value  by  strain.  As  shown  in  fig.  5. 
the  spectra  consist  of  two  peaks  of  lorentzians:  the 
lower-energy  peak  assiK'iated  with  the  LO  phonon 
of  ZnTe  and  the  higher-energy  peak  associated 
with  the  LO  phonon  of  ZnSe.  Arrows  in  the  figure 
show  wave  numbers  of  the  LO  phonons  for  bulk 
ZnSe  and  ZnTe.  The  (ZnSe)j- (ZnTe)4  SLS  is 
lattice-matched  with  the  InP  substrate  and  the 
ZnSe  and  ZnTe  layers  accommodate  the  same 
amount  of  strain,  which  is  seen  in  the  Raman 
spectrum,  showing  the  same  amount  of  shifts  from 
the  values  for  bulk  ZnSe  and  ZnTe.  The  spectrum 
of  the  (ZnSelj-fZnTe),  SLS  shows  that  the 
amount  of  shift  of  the  ZnSe-LO  from  its  bulk 
value  is  smaller  than  that  of  the  ZnTe-LO.  The 
wave  number  of  the  LO  phonon  for  ZnSe  in  the 
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experimental  results  well  agree  with  the  theoretical 
calculation,  the  assumptions  that  the  SLSs  studied 
here  were  in  the  free  standing  configuration,  and 
that  lattice  mismatch  between  two  materials  were 
completely  relaxed  by  strain,  are  found  valid. 

4.  Conclusions 

(ZnSe)„,-(ZnTe)„  short-period  SLSs  were 
grown  by  ALE.  From  the  TEM  study,  it  was 
found  that  short-period  SLSs  with  the  designed 
numbers  of  ZnSe  and  ZnTe  monolayers  were 
grown  and  that  interfaces  had  abruptne.ss  with 
one-monolayer  steps.  In  the  X-ray  diffraction, 
slight  differences  in  angles  and  intensities  of  the 
satellite  peaks  between  experiments  and  theory  are 
seen.  This  may  be  due  to  poor  uniformity  in 
thickness  of  the  ZnTe  layer,  which  was  confirmed 
by  TEM.  Raman  scattering  measurements  showed 
that  each  layer  was  strained  in  the  free  .standing 
configuration  to  relax  the  lattice  mismatch  be¬ 
tween  them. 
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The  refractive  indicies  of  ZnSe-ZnTe  and  ZnSe-ZnS  strained-layer  superlattices  (SLSs)  were  determined  by  double-beam 
reflectance  measurements  at  300  K.  A  discontinuity  was  found  in  the  index  spectra  at  about  the  energy  equal  to  the  transition  energy 
/Tiic’-h)  between  n  =  1  confined  electron  and  hole  levels.  Large  difference  was  found  between  the  indices  of  the  SLSs  and  those  of  the 
compositional  bulk  materials.  Using  the  effective  infinite-well  mtxlel  within  effective  mass  approximation  and  taking  into  account  the 
large  strain  effect,  we  also  calculated  the  shifts  of  the  exciton  peaks  with  applied  electric  fields  for  ZnSe-ZnS  multiple  quantum  wells 
(.MQWs). 


1.  Introduction 

Zinc-chalcogenides  have  generated  a  great  deal 
of  interest  in  the  optoelectronic.s  arena  because  of 
their  direct  wide  band  gaps,  high  electro-optic 
coefficients,  wide  range  of  transmission  and  con¬ 
tinuously  adjustable  refractive  indices  of  trinary 
alloys.  Strained-layer  superlattices  (SLSs)  com¬ 
posed  of  alternate  layers  of  these  lattice-mis¬ 
matched  materials  have  been  thought  to  be  par¬ 
ticularly  promising  for  producing  blue  light  emit¬ 
ting  diodes  (LEDs),  tunable  color  LEDs  and  short 
wavelength  semiconductor  la.sers. 

High  quality  ZnSe-ZnTe.  ZnSe-ZnS  and 
ZnTe-ZnS  SLSs  have  been  grown  by  MBE  [1,2). 
MCX'VD  (3).  MOMBE  [4].  etc.  Structural  and 
optical  properties  such  as  X-ray  diffraction  [2-4], 
photoluminescence  [1,3-5],  Raman  spectra  [6,7] 
and  bistability  [8]  have  been  studied  by  various 
groups. 

In  this  paper,  we  report  our  measurements  of 
the  refractive  indices  of  ZnSe-ZnTe  and  ZnSe- 
ZnS  SLSs  using  double-beam  reflectance  [9].  A 


calculation  of  the  shifts  of  the  exciton  peaks  with 
applied  electric  field  for  ZnSe-ZnS  is  presented  in 
.section  3. 


2.  Refractive  indices  of  ZnSe-ZnTe  and  ZnSe- 
ZnS  SLSs 

For  optoelectronic  device  designing,  the  refrac¬ 
tive  index  is  a  very  important  parameter.  Suzuki 
and  Okamoto  [9]  have  measured  the  refractive 
index  of  GaAs-AlAs  superlattices.  Kahen  and 
Leburton  [10]  reported  a  study  on  the  optical 
properties  .such  as  the  dielectric  constant  and  the 
GaAs-AlAs  superlattice  index.  But.  to  the  authors' 
knowledge,  there  are  no  reports  on  the  measure¬ 
ments  of  the  refractive  indices  of  ZnSe-ZnTe  and 
ZnSe-ZnS  SLSs.  We  report  here,  for  the  first 
time,  the  determination  of  the  indices  of  ZnSe- 
ZnTe  and  ZnSe-ZnS  SLSs  using  double-beam 
reflectance  measurement,  which  compare  the  re¬ 
flectance  of  the  sample  with  that  of  a  mirror  of 
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known  reflectance  (a  aluminium-glass  interface). 
The  reflective  spectra  were  measured  using  an 
infrared  reflective  spectrometer. 

The  SLSs  were  grown  by  MBE  techniques  on 
(100)  GaAs  substrates  at  320  °C  with  ZnSe  as 
buffer  layers.  The  samples  were  unintentionally 
doped.  The  crystal  qualities  were  examined  by  in 
situ  reflection  high  energy  electron  diffraction 
(RHEED).  X-ray  diffraction  measurements,  com¬ 
bined  with  the  growth  rates  of  monolayers,  de¬ 
termined  by  RHEED  oscillation  periods,  have 
been  used  to  determine  the  thicknesses  of  individ¬ 
ual  layers.  The  transition  energy  Ejlc-h)  between 
n  =  1  confined  electron  and  hole  levels  was  de¬ 
termined  by  photoluminescence  measurements. 

The  superlattice  layer  can  be  regarded  as  a 
Fabry-Perot  etalon  sandwiched  between  the  air 
(n,  =  1)  and  the  layer  of  the  buffer  combining 
with  the  substrate  (n,.  the  effective  index  of  the 
buffer  and  the  substrate).  In  the  reflectance-wave¬ 
length  chart,  the  interference  ripple  can  be  seen  in 
the  region  where  the  photon  energy  is  below  the 
band  gap  and  thus  the  optical  absorption  in  the 
epilayer  is  negligible.  Using  the  following  rela¬ 
tions: 


I  -  n-  1 

R  =  ^ .  . 

\  n;  +  tr  ! 

m  =  odd  for  d  =  . 

4/; 


«;  -  1 
/(7+T 


w  =  even  for  D  =  m  t—  . 

In 


(1) 


(2) 


we  can  obtain  the  «  ~  A  curve,  where  n  is  the 
refractive  index  of  the  SLSs.  and  R  and  R  ‘  are 
the  reflectance  minima  and  maxima. 

From  eq.  (2)  we  can  obtain  relation  between 
and  A.  From  n,  -  A  curve,  combined  with  eq.  (1). 
we  can  determine  the  index  of  SLSs.  n  for  differ¬ 
ent  wavelength  A. 

Fig.  1  shows  the  refractive  indices  of  ZnTe- 
ZnSe  and  ZnSe-ZnS  SLSs  as  a  function  of  wave¬ 
length.  We  can  see  that  a  jump  occurs  at  about  the 
photon  energy  equal  to  £,(e-h).  This  discontinu¬ 


Fig.  t.  The  refractive  index  dispersion  curves  for  ZnSe-ZnTe 
and  ZnSe-ZnS  SLSs;  (1)  ZnSe-ZnTe  (62  A.  46  A);  (2)  ZnSe- 
ZnTe  (59  A.  39  A);  (3)  ZnSe-ZnS  (29  A.  26  A).  The  dashed 
lines  show  the  indices  of  bulk  ZnSe  and  ZnS. 


ity  cannot  be  found  in  the  index  curves  of  bulk 
ZnS  and  ZnSe  materials. 

Kahen  and  Leburton  reported  that  the  dif¬ 
ference  between  the  refractive  indices  of  a  GaAs- 
AlGaAs  superlattice  and  those  of  its  correspond¬ 
ing  AlGaAs  alloy  can  be  as  large  as  20%.  Our 
results  show  that  the  difference  between  the  in¬ 
dices  of  the  SLSs  and  those  of  their  compositional 
materials  are  even  much  larger.  This  may  re.sult 
from  the  elastic  strain  caused  by  the  large  lattice 
mismatch,  which  shifts  the  quantized  levels  for  a 
few  hundred  meV. 


3,  Electroabsorption  in  ZnSe-ZnS  MQWs 

The  confinement  of  carriers  in  quantum  well 
.structures  causes  phenomena  remarkably  different 
from  those  of  bulk  materials.  When  an  external 
electric  field  is  applied  perpendicular  to  the  quan¬ 
tum  well  layers,  the  exciton  absorption  peaks  will 
shift  significantly  to  lower  energies.  This  behavior 
was  first  observed  by  Miller  et  al.  [11]  in  GaAs- 
GaAlAs  MQWs,  and  was  called  the  quantum-con¬ 
fined  Stark  effect  (QCSE).  A  detailed  explanation 
of  this  phenomenon  was  given  in  ref.  [12].  Based 
on  QCSE,  various  kinds  of  devices  such  as  mod¬ 
ulators  and  switches  have  been  fabricated.  The 
electroab.sorption  in  InGaAs-lnP,  InGaAs-GaAs. 
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InGaAs-lnAlAs  and  GaSb-AlGaSb  MQWs  was 
also  demonstrated. 

In  ZnSe-ZnS  MQWs,  the  strain-induced  effect 
due  to  large  lattice  mismatch  plays  a  very  im¬ 
portant  role.  The  strain  distorts  the  lattice  cube 
into  a  tetragonal  shape.  The  lattices  constant  a" 
parallel  to  the  plane  of  the  interface  can  be  ex¬ 
pressed  by  [13,14]: 

^j|  _  ^ZnS*^ZnS^ZnS  2n$e^ ZnSe ^ ZnSe 

^ZnS^ZnS  ^ZnSe^ZnSe 

G,  =  2(c;,  +  2ci,)(i  +  c,vc;,), 

where  a  is  the  unstrained  lattice  constant,  h  the 
individual  layer  thickness  and  C,^  the  elastic  con¬ 
stant.  The  strain  tensor  element  in  the  ZnSe 
layer  is 

^  ZnSe ) /^  ZnSe  ■  (^) 


(3) 

(4) 


The  shifts  of  both  the  heavy-hole  and  the  light- 
hole  energy  level  are  given  by  [15]: 

4£'HH  =  2a5<„-hS'<„.  (6) 

d£LH  =  2aS<,„  +  bS't,,  -  2b-(S')\iyA,  (7) 


S  = 


Sii  +  25i2 
■^11  ■^12 


S'  = 


■^11  ■^l: 


(8) 


where  A  =  0.43  eV  is  the  spin-orbit  coupling,  5, , 
=  21.1  (T  Pa)-'  and  =  -7.8  (T  Pa)  '  are  the 
elastic  compliance  constants.  a=  —5.4  and  h  = 
-1.2  [16]  are  the  deformation  potentials.  Using 
the  parameters  given  in  table  1,  we  obtained 
=  57  meV  and  ^£lh  =  200  meV. 

Using  the  effective  infinite-well  model  [12] 
within  effective  mass  approximation,  we  calculate 
the  energy  shifts  with  field  for  electron,  heavy- 
and  light-hole  states,  as  shown  in  fig.  2a.  The 
strain-induced  shifts  have  been  added  to  heavy- 
and  light-hole  energy.  The  shifts  of  the  exciton 


Table  1 

Parameters  used  in  this  study 


h 

a 

G2 

(A) 

(A) 

(lO"  dyn/cm^) 

(lO"  dyn/cm^) 

ZnSe  20 

5,6676 

8.1 

4.9 

ZnS  50 

5.4041 

10.0 

6.5 

Fig-  2.  (a)  Energies  of  the  first  electron,  heavy-hole  and  light- 
hole  states  with  applied  perpendicular  electric  field;  (b)  posi¬ 
tion  of  the  exciton  peaks  with  applied  perpendicular  field.  All 
the  results  are  obtained  for  the  ZnSe-ZnS  MQWs  with 
Z.„(ZnSe)  =  20  A  and  E,,(ZnS)  =  50  A. 


peaks  with  field  are  presented  in  fig.  2b.  In  the 
calculation,  effective  masses  of  0.l6m^.  0.78m(, 
and  0.15mo  are  used  for  electron,  heavy-  and 
light-hole,  respectively. 

because  of  the  relatively  narrow  well  width  of 
ZnSe-ZnS  MQWs  compare  to  that  of  GaAs- 
GaAlAs  MQWs,  the  ground  state  energy  in  ZnSe 
well  will  be  higher  and  a  larger  field  must  be 
applied  to  the  ZnSe-ZnS  MQWs  to  produce  the 
same  shift  as  in  GaAs-GaAlAs  MQWs. 

Exjjeriment  for  electroabsorption  measurement 
in  ZnSe-ZnS  MQWs  is  in  progress.  A  p-i-n 
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diode  structure  with  the  ZnSe-ZnS  MQWs  grown 
on  a  p-type  GaAs  substrate  and  covered  by  a  thin 
Cl-doped  n-type  ZnSe  layer  is  proposed. 

4.  Summary 

We  have,  for  the  first  time,  determined  the 
refractive  indices  of  ZnSe-ZnTe  and  ZnSe-ZnS 
SLSs  by  double-beam  reflectance  measurements. 
A  discontinuity  was  found  in  the  index  spectra  at 
about  the  photon  energy  equal  to  that  of  the 
electron-hole  transition  £,(e-h).  The  difference 
between  the  index  of  the  SLSs  and  those  of  the 
compositional  bulk  materials  is  rather  large. 

Using  the  effective  infinite-well  model  within 
effective  mass  approximation  and  taking  into 
account  the  large  strain  effect,  we  calculated  the 
shifts  of  exciton  peaks  with  applied  electric  fields 
for  ZnSe-ZnS  MQWs.  For  a  (20  A-50  A)  sample, 
an  electric  field  of  about  5  X  10^  V/cm  must  be 
applied  to  produce  a  exciton  peak  shift  of  nearly 
20  meV. 
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We  have  observed,  for  the  first  time,  the  ctmfined  LO„  phonon  modes  in  the  ZnSe  layer  of  the  ZnSe-ZnTe  strajned-layer 
superlatlice  (SLS)  and  the  folded  longitudinal  acoustic  (LA)  phonon  modes  in  the  ZnS-ZnSe  SLS  by  off-resonance  Raman  scattering 
at  room  temperature.  1  he  relation  between  LO  mode  shifts  and  the  superlattice  structure  parameters  has  been  determined  for  the 
ZnSe-ZnTe  SLS.  We  conclude  that  the  critical  thickness  for  the  ZnSe-ZnTe  SLS  is  about  40  A.  We  have  calculated  the  red  shifts  of 
LO  phonon  frequencies  due  to  confinement  and  the  shifts  induced  by  the  elastic  strains,  which  are  much  larger  than  the  red  shifts 
due  to  confinement.  The  blue  shifts  induced  by  tensile  strain  in  the  ZnSe  layer  and  the  red  shifts  induced  by  compressive  strain  in  the 
ZnTe  layer  made  the  confined  LO  modes  in  two  individual  layers  overlap.  Therefore,  the  folded  LO  mode  had  been  observed  in  the 
ZnSe-ZnTe  SLS.  We  have  also  studied  the  transverse  optical  (TO)  phonon  modes  in  the  two  SLS  systems  by  means  of  far-infrared 
reflectivity  spectra.  ZnSe  layers  are  under  different  stress  in  the  two  SLS  systems. 


1.  introduction 

The  vibrational  properties  of  semiconductor  su¬ 
perlattices  have  been  given  considerable  attention 
recently  [1|.  For  modes  with  the  wave  vectors 
perpendicular  to  the  layers  (the  :  direction),  folded 
and  confined  phonons  have  been  identified.  The 
folded  modes  propagate  through  the  entire  super¬ 
lattice.  These  modes  fall  in  the  frequency  region 
for  which  a  substantial  overlap  exists  in  the  pho¬ 
non  density  of  states  of  the  bulk  materials  that 
form  the  superlattice.  One  of  these  regions  com¬ 
prises  the  acoustical  frequencies.  On  the  other 
hand,  the  confined  modes  are  localized  in  one  of 
the  layers  of  the  superlattice,  which  have  frequen¬ 
cies  in  the  optical  spectral  range.  For  the  modes 
that  propagate  with  the  wave  vector  parallel  to  the 
layer  surfaces  (the  x.  y  directions),  the  so-called 
interface  modes  arise. 


In  addition  to  the  effects  mentioned  above,  for 
a  strained-layer  superlattice  (SLS),  one  has  to  con¬ 
sider  the  effects  of  elastic  strains  induced  by  lattice 
mismatch  on  the  phonon  frequencies.  This  is  par¬ 
ticularly  important  for  the  II-Vl  wide  gap  com¬ 
pounds  ZnSe.  ZnTe  and  ZnS  becau.se  of  the  large 
lattice  mismatch  between  the  individual  layers. 
The  elastic  strain  caused  by  lattice  mismatch  in¬ 
fluences  the  growth  habits  of  the  epitaxial  layers 
and  plays  a  major  role  in  determining  the  final 
values  of  the  parameters  such  as  forbidden  gaps, 
band  offsets,  subband  level  shifts  and  carrier  mo¬ 
bilities.  There  are  two  kinds  of  growth  described 
as  pseudomorphic  (or  commensurate)  and  free¬ 
standing.  In  the  pseudomorphic  growth,  the  in- 
place  lattice  constants  of  the  individual  strained 
layers  are  equal.  All  of  the  lattice  mismatch  is 
accommodated  by  layer  strains  without  the  gener¬ 
ation  of  misfit  dislocations  if  the  individual  layers 
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are  below  the  critical  thicknesses  for  dislocation 
generation.  High  crystalline  quality  will  not  gener¬ 
ally  be  obtainable  if  the  layer  thicknesses  exceed 
the  critical  thickness  values.  The  free-standing 
structure  would  be  expected  to  minimize  the  elas¬ 
tic  strain  energy  by  distributing  the  layer  strains 
among  the  two  types  of  SLS  layers  according  to 
the  thicknesses  and  the  elastic  properties  to  bal¬ 
ance  the  misfit  dislocation  energies,  since  the  re¬ 
sulting  in-plane  lattice  constant  of  the  free-stand¬ 
ing  SLS  does  not  correspond  to  either  layer. 

Various  experimental  and  theoretical  studies 
have  been  carried  out  on  the  phonon  modes  of 
Ill-V  compounds  semiconductor  superlattices  and 
II -VI  strained  layer  superlattices.  Olego  et  al. 
have  reported  the  confined  LO  modes  in  the  ZnSe 
layer  of  the  ZnSe-ZnS,Sei  ^ ,  SLS  with  resonant 
Raman  scattering  at  low  temperatures  [2]. 
Menendeg  et  al.  [3]  obtained  the  confined  LO„ 
modes  in  the  ZnTe  and  CdTe  layers  of  the 
CdTe-ZnTe  SLS  with  the  near  resonance  Raman 
.scattering  at  10  K.  We  report,  for  the  first  time, 
the  confined  LO„  modes  of  the  ZnSe-ZnTe  SLS; 
the  measurements  were  performed  at  room  tem¬ 
peratures  and  under  off-resonance  conditions. 
There  are  some  reports  on  folded  LA  phonons  in 
ZnSe-ZnTe  and  ZnSe-Zn,  _  ,Mn,Se  SLS  (4.5). 
We  report  here  folded  LA  phonons  in  the  ZnS- 
ZnSe  SLS,  for  the  first  time. 

There  are  a  lot  of  studies  on  strain  in  the  SLS. 
for  a  brief  review,  see  ref.  (6).  The  major  questions 
are  the  critical  thickness  (7),  the  effects  of  strains 
on  the  electronic  properties  (8J  and  band  offsets 
[9],  and  the  relationship  between  strain  and  the 
SLS  structure  parameters  [lOJ.  Raman  scattering 


Table  1 

Parameters  of  samples  used  in  present  enpenments 


Sample 

4znS 

(A) 

^7.nSe 

(A) 

4znTt 

(A) 

Buffer 

Substrate 

SS-l 

26 

29 

150 

ZnS 

GaAs 

SS-2 

12 

12 

100 

ZnSe 

GaAs 

ST-.t 

27 

29 

100 

InP 

ST-4 

10 

11 

200 

InP 

ST-5 

41 

39 

25 

InP 

ST-6 

59 

63 

25 

InP 

ST-7 

98 

102 

21 

InP 

and  far-infrared  reflectivity  spectra  [11]  provide 
powerful  techniques  for  the  study  of  crystalline 
quality  and  especially  strain  fields  of  SLSs.  By 
measuring  phonon  frequencies  and  their  shifts,  we 
can  determine  the  strength  of  the  strains  in  super¬ 
lattice  layers.  In  this  paper,  we  report  the  strain 
effect  on  the  phonon  modes  and  the  critical  thick¬ 
ness  of  individual  layers  in  a  ZnSe-ZnTe  SLS, 
and  we  also  show  the  far-infrared  reflectivity  spec¬ 
trum  of  TO  modes  in  the  ZnS-ZnSe  SLS,  which 
are  forbidden  in  Raman  spectra  in  a  backscatter- 
ing  geometry. 


2.  Experiments 

In  the  experiments,  we  use  two  ZnS-ZnSe  and 
five  ZnSe-ZnTe  samples,  which  were  grown  at 
320° C  by  MBE,  X-ray  diffraction  measurements 
combined  with  the  growth  rates  of  monolayers 
determined  by  RHEED  oscillation  periods,  has 
been  used  to  determine  the  thicknesses  of  individ¬ 
ual  layers.  The  main  parameters  of  these  samples 
are  listed  in  table  1. 

The  Raman  spectra  were  excited  in  a  back- 
scattering  geometry  with  the  488  nm  line  of  an 
Ar*  ion  laser,  the  laser  power  on  the  sample  was 
70-100  mW.  for  details,  see  ref.  [12]. 

The  far-infrared  reflection  measurements  were 
performed  at  near-normal  incidence  at  300  K  using 
a  Fourier  spectrometer,  the  resolution  is  2  cm"'. 

3.  Results  and  discussion 

3.J.  Confined  LO„,  modes  in  ZnSe-ZnTe  SLS 

Fig.  1  shows  the  Raman  spectrum  from  the 
ZnSe-ZnTe  sample  ST-3.  Six  confined  LO„,  pho¬ 
non  modes  in  the  ZnSe  layers  have  been  observed. 
We  have  calculated  the  confined  phonon  frequen¬ 
cies  by  considenng  the  red  shifts  due  to  confine¬ 
ment  and  the  shifts  induced  by  elastic  strain. 
Table  2  lists  the  calculated  and  measured  frequen¬ 
cies  of  the  confined  LO„  modes  in  the  ZnSe  layer. 
We  use  the  methods  described  in  ref.  [2]  to  calcu¬ 
late  the  red  shifts  of  confined  modes  in  the  ab¬ 
sence  of  strain  using  the  dispersion  curves  of 
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RAMAN  SHIFTlcmH) 

Fig.  1.  Confined  LO^  phonon  modes  in  ZnSe  layer  of  the 
ZnSe-ZnTe  SLS  sample  ST-3.  LT,  is  confined  LO  mode  in 
ZnTe  layer,  the  F  peak  is  attributed  to  folded  LO  mode  and 
the  ?  band  to  interface  vibration  or  delocalized  optical  phonon. 

X  =  (110),  >■  =  (110)  and  z  =  ((X)l). 

phonons  of  ZnSe  and  ZnTe  given  in  refs.  (13,14J. 
The  shifts  induced  by  strain  [15]  were  calculated 
using  the  parameters  in  ref.  [16].  The  lattice  con¬ 
stants  of  ZnSe  and  ZnTe  are  5.6687  and  6.104  A. 
respectively.  The  lattice  is  as  large  as  7.3f .  which 
is  the  source  of  tensile  strain  in  the  ZnSe  layers 
and  compressive  strain  in  the  ZnTe  layers  in  the 
(100)  plane.  The  tensile  strain  induces  the  red 
shifts.  6.5  cm'',  of  the  confined  LO„  frequencies 
in  the  ZnSe  layer,  and  it  is  much  larger  than  the 
red  shift  due  to  confinement,  0.5  cm' '  (for  w  =  1 
mode).  The  compressive  strain  in  the  ZnTe  layer 
induces  a  blue  shift  as  large  as  15  cm'*,  which  is 
greater  than  the  red  shift  due  to  confinement.  0.3 


Table  2 

Measured  and  calculated  frequencies  of  confined  LO.„  modes 
in  ZnSe  layer 


m 

(cm  ') 

"cl 

(cm*') 

1 

246 

246 

2 

244 

244.5 

3 

242.5 

242.5 

4 

239 

239.2 

5 

233.5 

234.3 

6 

228.5 

229 

7 

222 

I 


I 


RAMAN  SHIFT(cm-i) 

Fig.  2.  Low-frequency  region  Raman  spectrum  for  the  ZnS~ 
ZnSe  SLS  sample  SS*L  which  shows  three  folded  LA  doublets. 
The  inset  is  the  calculated  dispersion  curve  using  the  sound 
velocities  and  bulk  densities  listed  in  ref.  [16].  without  consid> 
ering  the  strain  effect;  (  • )  experimental  q  values. 


cm"’  (for  w  =  1  mode).  Thus  the  two  groups  of 
phonon  dispersion  curves  under  the  strain  field 
would  overlap  in  the  region  about  210-220  cm''. 
Therefore,  an  overlap  exists  between  the  ZnTe-like 
LO  mode  and  the  confined  LO^  modes  in  ZnSe 
layers  with  m>7.  The  mode  labeled  by  F  must  be 
identified  as  due  to  scattering  by  the  folded  LO 
mode,  and  our  calculations  show  that  the 
frequency  of  mode  F  is  equal  to  the  m  =  8  con¬ 
fined  LOg  mode  in  the  ZnSe  slab  and  the  m  =  4 
confined  LO4  mode  in  the  ZnTe  slab.  The  fre¬ 
quencies  of  two  modes  which  have  the  same  sym¬ 
metry  of  A,  are  in  the  overlapping  range  and  the 
modes  can  propagate  throughout  the  entire  super¬ 
lattice.  The  mode  labeled  by  the  question  mark 
would  be  an  interface  mode  or  a  delocalized  mode. 

3.2.  Folded  LA  modes  in  ZnS-ZnSe  SLS 

Fig.  2  shows  the  Raman  spectrum  of  the  folded 
LA  modes  for  the  ZnS-ZnSe  SLS  sample  SS-1.  In 
the  region  10-90  cm  ',  three  doublets  were  seen 
at  room  temperature  near  22,  44  and  67  cm' the 
separation  between  the  comp)onents  of  the  doublet 
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Layer  Thickness(kl 


Fig.  3.  The  relationship  between  the  shifts  of  LO  phonon 
modes  frequencies  and  the  individual  layer  thicknesses: 

( - )  measured  values  including  the  strain  induced  shifts 

and  the  red  shifts  due  to  confinement;  ( - )  strain  induced 

shifts. 

is  about  5  cm"'.  The  inset  of  the  figure  is  a 
calculated  dispersion  curve  for  the  LA  phonons 
using  •'  Rytov  model  with  strain-free  parame¬ 
ters.  for  ZnSe.  p  =  5.264  g  cm" '  and  v  =  4.07  x 
lO'  cm/s  and  for  ZnS.  p  =  4.083  g  cm"’  and 
V  =  5.047  X  10’  cm/s  [16].  The  disagreement  with 
the  experiment  may  come  from  the  neglect  of  the 
strain  effects  on  the  sound  velocity  or  the  phonon 
dispersion  curve.  As  we  know,  in  the  [001]  direc¬ 
tion.  the  ZnSe  layer  is  under  tensile  strain,  while 
the  ZnS  layer  is  under  compressive  strain.  There¬ 
fore.  the  dispersion  curve  of  ZnSe  should  shift 
down  while  that  of  ZnS  should  shift  up.  and  the 
sound  velocity  should  decrease  in  the  ZnSe  layer 
and  increase  in  the  ZnS  layer.  This  effect  broadens 
the  peaks  and  the  separation  of  the  components  of 
the  doublet  is  larger  than  the  calculated  value. 

3.3.  Critical  thickness  of  ZnSe- ZnTe  SLS 

Fig.  3  shows  the  relationship  between  shifts  of 
LO  phonon  frequencies  and  the  thickness  of 
ZnSe- ZnTe  SLS  layers.  All  the  samples  have  the 
equal  thicknesses  for  two  individual  layers,  see 
table  1.  The  solid  lines  show  the  measured  shifts 
including  the  red  shifts  due  to  confinement  and 
the  shifts  induced  by  the  elastic  strain;  the  dashed 
lines  are  the  shifts  induced  by  the  elastic  strain.  As 
we  see,  when  the  individual  layer  thickness  ex¬ 


ceeds  40  A,  the  shifts  are  almost  constant  and 
comparatively  small,  but  when  the  thickness  is 
smaller  than  40  A.  the  shifts  change  sharply.  For 
the  sample  with  layer  thickness  of  10  A.  the  shifts 
give  better  agreement  for  the  calculated  value  [10]. 
assuming  that  the  two  individual  layers  are  com¬ 
mensurate.  Therefore,  the  sample  is  in  a  com¬ 
mensurate  configuration,  and  the  large  elastic 
strain  is  accommodated  in  the  layers  instead  of 
forming  misfit  defects.  But  this  is  not  true  for  the 
samples  whose  individual  layers  exceed  40  A.  For 
these  samples,  there  are  no  large  elastic  strains  in 
the  layers,  because  of  small  shifts  of  the  phonon 
frequencies.  These  samples  should  be  in  free¬ 
standing  configurations  (or  incommensurate 
growth).  We  estimate  that  the  critical  thickness  for 
a  ZnSe-ZnTe  SLS  with  1%  lattice  mismatch  is  40 
A,  the  commensurate-incommensurate  transition 
occurs  between  10  and  40  A  for  individual  layer 
thickness.  In  the  transition  region,  the  layer  must 
be  graded  so  as  to  relax  some  strain  to  make  the 
elastic  strain  energy  balence  the  misfit  dislocation 
energies.  For  the  sample  ST-3,  we  assume  that  the 
ZnTe  layer  is  coherent  with  the  InP  substrate  on 
one  side  and  is  commensurate  with  the  ZnSe  layer 
on  the  other  side;  the  resulting  frequency  shifts 
are  14  and  6  cm"',  and  give  better  agreement  with 
the  measured  values  of  15  and  6.5  cm"'. 

3. 4.  Far-infrared  reflectivity  spectrum 

TO  phonon  modes  have  been  obtained  by  far- 
infrared  reflectivity  spectra.  The  same  behavior  as 


Fig.  4.  Measured  (♦)  and  fitted  ( - )  far-infrared  reflectivity 

spectrum  of  the  Zu^-ZnSe  SLS  sample  SS-2  at  300  K. 
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Table  3 

Phonon  parameters  giving  best  fit  to  the  measured  reflectivity 
curve  for  a  ZnS-ZnSe  SLS;  buffer  is  ZnSe  and  substrate  is 
GaAs 


Layer 

“to 

(cm”') 

S 

y 

d 

A) 

ZnS 

5.1 

270.1 

4.05 

8.9 

12 

ZnSe 

58 

214.6 

6.4 

25.5 

12 

Buffer 

6.0 

210.5 

1.8 

27,0 

2000 

Substrate 

11.5 

268.2 

5.9 

0.45 

LO  phonon  modes  had  been  found.  In  the  ZnSe- 
ZnTe  SLS.  the  ZnSe-like  LO  an  TO  modes  have 
red  shifts  because  the  ZnSe  layer  is  under  tensile 
strain  in  the  (001)  plane,  while  in  the  ZnS-ZnSe 
SLS,  the  ZnSe-like  LO  and  TO  modes  have  blue 
shifts  for  the  ZnSe  layer  is  under  compressive 
strain.  The  shifts  for  TO  modes  are  smaller  than 
those  of  LO  modes.  Fig.  4  shows  the  spectrum  for 
the  ZnS-ZnSe  SLS  sample  SS-2.  Fitting  the  ex¬ 
perimental  data  with  long-wavelength  dielectric 
response  theory  and  the  reflection  theory  of  multi¬ 
ple  absorbing  layers,  we  have  determined  the  pho¬ 
non  parameters  such  as  the  transverse  optical  pho¬ 
non  frequency  uto-  mode  damping  constant  y. 
mode  oscillation  strength  S  and  high  frequency 
dielectric  constant  as  listed  in  table  3. 


4.  Conclusions 

We  have  obtained  the  confined  LO„  in  the 
ZnSe-ZnTe  SLS,  and  overlap  exists  between  the 
confined  LO„  modes  in  the  ZnSe  layers  and  that 
in  the  ZnTe  layers  because  of  the  large  shifts  of 
frequencies  induced  by  the  very  large  elastic  strain. 
The  folded  LO  phonon  mode  has  therefore  been 
observed  and  the  folded  LA  phonon  modes  in 
ZnS-ZnSe  SLS  also  have  been  obtained,  for  the 
first  time.  We  have  determined  the  critical  thick¬ 
ness  of  the  ZnSe-ZnTe  SLS  to  be  approximately 
40  A.  The  TO  phonon  modes  have  been  studied, 
also  by  far-infrared  reflectivity  spectrum,  and  these 
show  the  same  behavior  as  the  LO  phonon  modes. 
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We  report  the  MBE  growth  and  characterization  of  a  new  system  of  wide-gap  II-Vl  heterostructures:  Zn,  _  ,Mn  ,Se/Zn,  _  ,Cd  ,Se. 
We  have  grown  single  and  multiple  quantum  well  structures  as  well  as  superlattices  with  low  lattice  mismatch  (  SO.3^)  and  with 
good  interface  quality  for  .1:  £  0.3C,  >  S  0,25.  All  these  structures  show  robust  confinement  effects  and  efficient  excitonic  lumines¬ 
cence  in  the  blue-green  spectral  region.  Magneto-optical  measurements  yield  a  valence  band  offset  of  30  ±5  meV. 


Wide-gap  heterostructures  involving  ZnSe- 
based  alloys  are  of  current  interest  because  of 
potential  optoelectronic  applications  in  the  blue- 
green  region  of  the  spectrum  [1],  The  combina¬ 
tions  investigated  in  recent  years  include 
ZnSe/Zn,,,Mn,Se  [2]  and  ZnSe/Zn, _ ,Cd,Se 
[3].  ZnSe/Zni_  ,Mn^Se  structures  have  exhibited 
optically  pumped  lasing  at  low  lattice  tempera¬ 
tures  [4],  while  room  temperature  lasing  action 
action  has  been  recently  demonstrated  in 
ZnSe/Zn,  _^Cd,Se.  [5]  These  heterostructures  are 
strained-layer  systems,  with  a  typical  lattice-mis¬ 
match  of  l%-2%  using  alloy  compositions  of  in¬ 
terest.  While  not  a  limitation  for  thin  structures 
containing  a  few  pseudomorphic  strained  quan¬ 
tum  wells,  the  lattice-mismatch  could  have  detri¬ 
mental  effects  in  thicker  structures  where  the  criti¬ 


cal  thickness  is  exceeded.  In  anticipation  of  future 
applications,  it  is  therefore  important  to  investi¬ 
gate  II- VI  heterostructures  with  lower  strain  con¬ 
figurations.  We  discuss  here  the  growth  and  prop¬ 
erties  of  Zn,_^Mn,Se/Zn,_,.Cd,,Se  heterostruc¬ 
tures,  in  which  the  lattice  mismatch  can  be  re¬ 
duced  by  appropriately  adjusting  the  alloy  com¬ 
positions  [6,7], 

The  epitaxial  growth  and  properties  of  the  al¬ 
loys  Zn,_^Mn^Se  and  Zn,_,jCdj,Se  have  been 
reported  etirlier  in  the  literature  [2,3,8],  Fig.  1 
shows  the  schematic  variation  of  the  room  temper¬ 
ature  energy  gap  in  both  these  alloys  as  a  function 
of  lattice  parameter,  indicating  the  opportunity 
for  fabricating  lattice-matched  Zn,_jMn,Se/ 
Zn,_,,Cd,.Se  heterostructures.  Notice  also  that,  in 
comparison  to  both  ZnSe/Zn,  _^Mn^Se  and 
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ZnSe/Zn,  _jCdjSe,  the  lattice-matched  hetero¬ 
structures  should  have  better  confinement  due  to 
the  larger  difference  between  the  energy  gaps  of 
barriers  and  wells.  Our  primary  interest  lies  in  the 
composition  range  0.10  <  >  <  0.20  for  the 
Zn,_,.Cd,Se  wells  and  0.20  <  x  <  0.30  for  the 
Zn,_^Mn^Se  barriers.  Both  Zni_jjMnj,Se  and 
Zn|_,.CdjSe  epilayers  show  a  rapid  deterioration 
in  quality  for  Mn  and  Cd  concentrations  much 
above  these  upper  limits  [3,8].  The  composition 
range  is  also  dictated  by  the  desire  to  have  optical 
transitions  in  the  blue-green  region  of  the  spec¬ 
trum  while  at  the  same  time  having  sufficient 
confinement  of  the  carriers. 

Crystal  growth  was  carried  out  in  a  Riber  32 
R  &  D  system,  with  elemental  sources  of  Zn,  Mn 
and  Se,  and  a  compound  CdSe  source.  Substrates 
employed  were  commercially  polished  (100)  GaAs, 
and  were  prepared  in  the  standard  manner  before 
use.  The  sample  surface  was  monitored  by  reflec¬ 
tion  high  energy  electron  diffraction  (RHEED)  at 
10  k.eV.  and  showed  a  (2x1)  reconstruction  un¬ 
der  typical  growth  conditions.  The  composition  of 
the  alloy  samples  was  determined  by  assuming  a 
linear  variation  of  the  lattice  constant  (Vegard’s 
law).  Optimal  growth  temperatures  for  Zn,., 
Mn,Se  are  typically  in  the  range  300-320°C, 
while  those  for  Zn, .  ,Cd,Se  lie  in  the  range  230- 
3(X3°C.  depending  on  the  composition.  Wherever 
thick  buffer  layers  of  Zn,  ,Mn,Se  were  required. 
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Fig.  1.  Schematic  depiction  of  energy  gap  (at  300  K)  versus 
lattice  parameter  in  the  alloys  Zn,  ,Mn,Se  and  Zn,  ,Cd.Se. 
For  experimental  data  showing  detailed  bowing  effects,  see 
refs.  [2,31 


PHOTON  ENERGY  (eV) 


Fig.  2.  Photoluminescence  spectra  of  three  isolated 
Zn, _ ,Mn,Se/Zn| .  ,Cd| Se  (.v  =  0.15.  y  =  0.16)  quantum 
wells  at  T  =  2  K..  The  dashed  curve  shows  the  PL  in  a  magnetic 
field  of  4..S  T 


we  used  a  substrate  temperature  of  300  °C.  How¬ 
ever.  Zn,  .  ,Mn ,Se/Zn,  _,Cd ,Se  quantum  wells 
and  superlattices  were  grown  at  a  substrate  tem¬ 
perature  of  250  °C.  hence  optimizing  the  quality 
of  the  quantum  well  material.  Studies  of  single 
quantum  wells  in  which  the  temperature  was  cycled 
between  the  two  optimal  temperatures  for  the  well 
and  barrier  materials  showed  no  particular  im¬ 
provement  in  optical  properties. 

For  characterization  purposes,  we  fabricated 
Zn,.,Mn,Se/Zn,_,Cd,Se  quainum  wells  of 
varying  thicknesses.  The  heterostructures  were 
grown  on  top  of  buffer  layers  consisting  of  0.5  /im 
ZnSe  followed  by  0.5  fim  Zn,_,Mn,Se.  The  low 
temperature  PL  spectrum  of  one  such  structure  is 
shown  in  fig.  2.  The  .sample  contains  three  quan¬ 
tum  wells  of  Zn,  ,Cd,Se  (v  =  0.15)  with  well 
widths  nf  105.  42  and  20  A.  respectively,  isolated 
by  500  A  Zn,  . ,Mn ,Se  (a-  =  0.16)  barriers.  At  low 
temperatures,  the  energy  gap  difference  between 
the  barriers  and  wells  is  236  meV.  The  lattice 
mismatch  is  about  0.3%.  Transmission  electron 
microscopy  (TEM)  shows  that  the  misfit  disloca¬ 
tion  density  is  quite  low  (<  10'’  cm"')  compared 
to  that  in  typical  strained  II -VI  heterostructures. 
The  photoluminescence  (PL)  spectrum  in  fig.  2 
shows  efficient  excitonic  recombination  associated 
with  the  n  =  }  to  hh  transition  fro.n  each  of  the 
quantum  wells,  with  strong  confinement-related 
blue-shifts.  A  comparison  between  reflectivity  and 
PL  spectra  indicates  a  relatively  small  Stokes  shift 
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(  <  7  meV),  despite  the  presence  of  the  alloy  in  the 
quantum  well.  The  structure  shows  a  very  high 
luminescence  efficiency  up  to  80  K. 

The  diluted  magnetic  semiconductor  (DMS) 
nature  of  the  barrier  material  can  be  exploited  for 
determining  band  offsets  [9],  DMS  alloys  such  as 
Zn,  _  jMn^Se  show  a  large  Zeeman  splitting  of  the 
band-edges  at  low  temperatures  due  to  the  sp-d 
exchange  interaction  between  band  electrons  and 
magnetic  ions.  In  a  quantum  well  structure  with 
DMS  barriers,  the  confined  states  experience  some 
of  this  exchange  interaction  due  to  the  penetration 
of  the  wavefunction  into  the  barriers.  The  result¬ 
ing  magneto-optical  shifts  in  PL  spectra  can  then 
be  fitted  to  theoretical  calculations,  yielding  direct 
information  about  band  alignments.  The  calcula¬ 
tions  employ  a  variational  method  that  properly 
accounts  for  excitonic  effects  in  the  ca.se  of  small 
valence  band  offsets  [10]. 

In  fig.  2.  the  dashed  curve  represents  the  PL 
spectrum  for  the  Zn,  _  ,Mn ,Se/ Zn, .. ,.Cd,Se 
quantum  well  structure  in  a  magnetic  field  of  4.5 
T  in  the  Faraday  configuration  ( B  perpendicular 
to  the  layer  plane).  The  emission  from  the  two 
narrower  wells  shows  a  sizeable  red-shift,  due  to 
the  large  penetration  of  the  wavefunction  into  the 
DMS  barrier.  In  fig.  3.  we  show  the  experimental 
Zeeman  shift  of  the  PL  from  the  42  A  well  along 
with  the  theoretically  calculated  shift  for  several 
values  of  the  valence  band  ofLset.  A  comparison 
with  the  experimental  data  yields  a  valence  band 


Fig.  .8.  Magneto-optical  shift  of  the  PL  emission  from  the  42  A 
quantum  well  in  fig.  2.  The  solid  lines  show  the  theoretical 
shift  for  different  values  of  the  valence  hand  offset. 


Fig.  4.  Observation  of  folded  acoustic  phonons  in  a  50  period 
ZniniiMn,, .ioSe/Zniu^Cd,i  |,iSe  superlattice  with  Zn,  _  ,Mn,Se 
and  Zn,  .,Cd,Se  layer  thicknesses  of  60  and  45  A.  respec¬ 
tively.  The  upper  panel  shows  the  first  order  doublet  and  the 
lower  panel  shows  a  ..eak  second  order  doublet. 


offset  of  30  +  5  meV.  implying  a  conduction  band 
offset  of  208  +  6  meV. 

In  addition  to  quantum  well  structures,  we  have 
also  investigated  Zn,  _ , Mn ,Se/Zn,  _,.Cd , Se  su- 
perlattices.  PL  spectra  from  the.se  superlattices 
also  show  strong  excitonic  features  and  clear 
quantum  confinement  effects  [6],  Further  studies 
of  Zn,  ,Mn^Se/Zn,  ,Cd,Se  superlattices  using 
magneto-luminescence  and  Raman  .spectroscopy 
are  currently  underway.  Preliminary  analysis  of 
magneto-optical  data  yields  valence  band  offsets 
consistent  with  those  obtained  from  the  single 
quantum  well  measurements  described  earlier. 
Room  temperature  Raman  measurements  show 
the  presence  of  folded  acoustic  phonons  (fig.  4), 
attesting  to  the  formation  of  superlattices  with 
uniform  layer  thickne.sses  and  well  defined  inter¬ 
faces.  The  positions  of  the  first  and  second  order 
doublets  are  in  good  agreement  with  the  predict¬ 
ions  of  a  standard  model  [11]  that  accounts  for 
zone-folding  effects.  Detailed  Raman  and  mag¬ 
neto-optical  studies  of  the.se  superlattices  will  be 
described  elsewhere. 
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To  summarize,  we  have  demonstrated  the 
growth  of  low-strain  Zn,  _  ,  Mn^Se/Zn,  _  ^Cd^Se 
quantum  wells  and  superlattices  with  promising 
structural  and  optical  properties.  The  close  lattice 
match  substantially  reduces  the  density  of  misfit 
dislocations,  and  quantum  wells  and  superlattices 
show  efficient  excitonic  luminescence  and  strong 
confinement.  Some  crucial  challenges  still  remain 
for  future  work.  Paramount  among  these  is  the 
growth  of  high  quality  Zn,  _  ,Mn,Se  buffer  layers 
which  are  necessary  to  take  full  advantage  of 
lattice-matching  the  Zn,  _ ,  Mn^Se/Zn,  _,Cd  ,Se 
structures.  We  believe  that  a  solution  may  be 
offered  by  the  recent  growth  of  defect-free 
Ga,  ,  In  j  As  single-crystals  [12]  which  can  be  used 
as  high  quality  substrates  lattice-matched  to 
Zn,  ^Mn,Se.  This  possibility  is  currently  being 
investigated. 
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We  have  measured  the  valence  band  offset  in  a  cubic  CdSe/ZnTe  (100)  heterojunction  by  X-ray  photoelectron  spectroscopy 
(XPS).  Our  preliminary  result,  based  on  analysis  of  one  heierojunction.  is  0.65 ±0.08  eV.  The  electrical  characteristics  of  a  doped 
n-CdSe/p-ZnTe  heterojunction  appear  to  be  dominated  by  traps.  We  have  attempted  to  verify  the  band  offset  through  capacitance- 
voltage  measurements,  but  have  been  unable  to  extract  a  consistent  value  for  the  flat  band  voltage  from  scan.s  taken  at  different 
temperatures  and  frequencies. 


1.  Introduction 


2.  Experiment  and  discussion 


L 


Inability  to  dope  ZnTe  n-type  has  frustrated 
attempts  to  base  an  efficient  green  light  emitting 
diode  on  the  2.25  eV.  direct  band  gap  of  ZnTe. 
One  solution  would  be  to  find  an  n-dopable 
material  with  a  conduction  band  alignment  that 
allows  electron  injection  into  p-ZnTe.  CdSe  can  be 
doped  heavily  n-type  and.  though  its  equilibrium 
structure  is  wurtzite.  in  thin  layers  it  will  grow 
readily  in  cubic  form  on  ZnTe  with  a  lattice 
mismatch  of  only  0.44%  [1).  Unfortunately,  since 
the  room  temperature  band  gap  of  cubic  CdSe  is 
1.67  eV  [1]  and  since  the  valence  band  of  CdSe  lies 
below  that  of  ZnTe.  the  conduction  band  offset  in 
a  CdSe/ZnTe  heterojunction  is  many  times  kT  at 
room  temperature. 

Though  the  conduction  band  offset  is  unfavora¬ 
ble  for  injection  from  n-CdSe  into  p-ZnTe,  it  may 
still  be  pos.sible  to  inject  from  a  lattice-matched, 
n-type  (CdSe), (ZnTe),  ,  alloy  into  p-ZnTe.  To 
evaluate  this  possibility  we  must  have  information 
about  the  dopability  and  miscibility  of  these  al¬ 
loys.  and  about  the  band  offset  of  at  least  the 
binary  materials.  This  paper  gives  a  preliminary 
value  for  the  CdSe/ZnTe  offset  as  measured  by 
XPS.  and  describes  the  electrical  characteristics  of 
a  CdSe(Al)/p-ZnTe  heterojunction. 


We  grew  the  CdSe  and  ZnTe  layers  in  a 
Perkin-Elmer  430P  MBE  loaded  with  99.9999% 
elemental  sources;  the  substrate  temperature  was 
270  °C  for  growth  of  both  materials.  For  the  XPS 
sample  we  started  with  a  GaSb  epilayer  on  a 
GaSb  substrate,  transferred  through  UHV  to  the 
II-VI  chamber,  then  alternately  grew  ZnTe  or 
CdSe  epilayers  and  characterized  them  in  the  XPS 
chamber.  Transfer  between  growth  and  analysis 
chambers  was  al.so  through  UHV,  eliminating 
complications  associated  with  exposing  surfaces  to 
atmo.sphere. 

The  thickest  CdSe  layer  was  about  400  A.  Dur¬ 
ing  the  growth  of  this  layer  the  RHEED  pattern 
changed  very  little  from  that  of  the  initial  2x1 
reconstructed  ZnTe  surface.  The  upper  XPS  spec¬ 
trum  in  fig.  1  is  from  this  CdSe  layer  and  is 
followed  by  a  spectrum  from  a  thick  ZnTe  layer. 
The  third  spectrum  is  from  approximately  25  A  of 
ZnTe  on  CdSe.  Applying  the  method  of  Kraut  et 
al.  [2]  to  these  .spectra,  we  find  a  valence  band 
off.set  of  0.65  ±  0.08  eV.  shown  in  fig.  2  amidst  a 
wide  range  of  theoretical  predictions  (3-10).  The 
strain  in  the  layers  was  not  measured;  since,  how¬ 
ever.  the  lattice  constants  of  ZnTe  and  cubic  CdSe 
differ  by  only  0.44%.  and  since  those  of  ZnTp  and 
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GaSb  differ  by  only  0.15%,  strain  effects  can  be 
neglected  within  the  error  bounds.  The  value 
quoted  above  is  based  on  analysis  of  only  one 
heterojunction;  we  will  publish  a  detailed  discus¬ 
sion  when  more  samples  have  been  studied. 

The  GaSb/ZnTe  valence  band  offset  is  too 
large  to  allow  a  back  contact  suitable  for  electrical 
measurements  to  be  made  through  a  GaSb  sub¬ 
strate.  Since  single-crystal,  oriented  ZnTe  sub¬ 
strates  are  not  commercially  available,  the  sample 
for  electrical  characterization  was  grown  on  a  ran¬ 
domly  oriented,  polycrystalline  ZnTe  substrate 
with  an  average  grain  size  of  a  few  millimeters  and 
a  room  temperature  hole  concentration  of  about 
lO'^cm  The  structure  consists  of  a  nominally 
undoped,  400  A  ZnTe  layer.  600  A  of  CdSe  heavily 
doped  with  Al,  and  an  in  situ  Zn  cap  applied  at 
room  temperature.  Due  to  a  problem  with  the  Se 
shutter,  there  was  a  34  min  growth  interrupt  be¬ 
tween  the  ZnTe  and  the  CdSe  while  the  Se  source 
heated  from  idling  to  growth  temperature.  During 
this  time  the  substrate  was  lowered  out  of  the  Se 
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flux  and  held  at  the  growth  temperature,  but  im¬ 
purities  may  have  collected  at  this  interface. 

We  evaptorated  a  large  area  Au  back  contact 
after  removing  the  sample  from  UHV,  and  then 
etched  through  the  heterojunction  to  leave  circular 
mesas  with  Zn  caps.  Since  the  grain  boundaries 
were  evident  after  etching,  we  were  able  to  study 
only  mesas  lying  within  single  grains.  At  room 
temperature  these  devices  turn  on  exponentially 
with  an  ideality  factor  of  2.3  until  an  ohmic  series 
resistance  dominates  the  current.  Fig.  3  shows 
current-voltage  and  capacitance-voltage  mea¬ 
surements  taken  at  —  50°C;  the  lower  tempera¬ 
ture  reduces  the  reverse  current  and  thus  extends 
the  voltage  range  over  which  the  C-V  data  are 
useful.  The  infinite-capacitance  intercept  in  the 
lower  plot  should  be  the  flat  band  voltage,  but  a 
flat  band  voltage  of  0.5  V  gives  a  band  offset  of 
about  1  V.  C-K  scans  taken  at  different  tempera¬ 
tures  and  frequencies  are  not  consistent  with  a 
simple  model  of  depletion  layer  capacitance  and 
suggest  that  the  electrical  characteristics  of  this 
device  are  dominated  by  charging  of  and  recombi¬ 
nation  at  traps.  Some  of  these  traps  may  be  from 
impurities  gettered  at  the  interface  during  the  long 
growth  interrupt. 

3.  Conclusions 

We  were  unable  to  extract  information  about 
the  band  off.set  from  electrical  measurements  on 
our  first  doped  heterojunction.  The  growth  inter¬ 
rupt  which  may  have  introduced  traps  at  the  inter¬ 
face  was  necessary  only  because  of  a  mechanical 


malfunction.  Eliminating  this  growth  interrupt  and 
starting  with  better  substrate  material  should  im¬ 
prove  the  results. 

The  heterojunction  for  XPS  was  grown  on  a 
high  quality  substrate  and  no  problems  were  evi¬ 
dent  in  the  RHEED  pattern  during  growth. 
Though  the  value  of  0.65  eV  should  be  considered 
tentative  until  checked  with  more  samples,  the 
procedure  used  has  produced  consistent  results  for 
several  other  heterojunctions. 
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and  photoluminescence  properties 

T.  Yao 

Department  of  Electrical  Engineering,  Hiroshima  University,  Higashi-Hiroshima  724,  Japan 
anti 

Electrotechnical  Laboratory.  Tsukuha  305,  Japan 


M.  Fujimoto  *.  S.K.  Chang  **  and  H.  Tanino 

Eleelrotechmcal  Laboratory,  Tsukuha  305,  Japan 


ZnS/ZnSe  single  quantum  well  structures  are  fabricated  for  the  first  lime  by  a  combination  of  molecular  beam  epitaxy  and 
atomic  layer  epitaxy.  The  quantum  wells  thicker  than  3  monolayers  (ML)  emit  a  sharp  excitonic  emission  with  half  width  of  15-30 
meV,  while  a  broad  emission  (half  width  of  around  100  meV)  with  low-energy  tail  is  obsersed  from  quantum  wells  thinner  than  2 
ML.  From  the  analysis  of  the  dependence  of  emission  energy  on  well  width,  it  is  concluded  that  the  conduction  band  off.set  at  the 
ZnSe/ZnS  interface  is  very  small  (almost  zero).  It  is  suggested  that  the  luminescence  broadening  in  thin  quantum  wells  is  caused  by 
fluctuations  not  only  associated  with  the  quantum  confinement  effect  along  the  growth  direction,  but  al.so  with  the  lateral  quantum 
confinement  effect  in  "quantum  slabs"  formed  on  islands  and  valleys  at  the  interface. 


1.  Introduction 

The  interface  roughness  of  heterostructures  has 
been  characterized  by  utilizing  free  excitonic  emis¬ 
sion  from  a  superlattice  or  quantum  well  structure 
as  a  probe,  in  which  the  half  width  of  the  emission 
is  closely  correlated  with  the  interface  roughness 
( 1 J.  The  interface  roughness  implies  fluctuations  in 
the  position  of  the  barrier  along  the  growth  direc¬ 
tion  and  the  presence  of  islands  and  valleys  at  the 
interface.  For  interfaces  formed  under  optimal 
growth  conditions,  the  fluctuation  of  the  barrier 
along  the  growth  direction  is  expected  to  be  a 
monolayer  distance.  The  spectral  width  of  an  ex¬ 
citonic  transition  is  given  by  the  width  of  the 
probability  distribution  of  lateral  dimensions  of 

*  On  leave  from  Tokai  University,  Hiratsuka  259-12.  Japan. 

Present  address:  Canon  Inc..  Shimomaruko.  Ota-ku.  Tokyo 
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islands  and  valleys.  It  is  intuitive  to  see  that  the 
transitions  become  sharp  if  the  lateral  dimensions 
of  valleys  and  islands  are  either  much  larger  or 
smaller  than  the  exciton  size,  and  that  they  be¬ 
come  very  broad  when  the  laterial  fluctuations  are 
comparable  to  the  excitonic  size. 

It  is  obvious  that  a  single  quantum  well  (SQW) 
structure  is  preferable  to  characterize  the  interface 
roughness  compared  to  multi-quantum  well 
(MQW)  or  superlattice  structures,  since  a  fluctua¬ 
tion  in  layer  thickness  present  in  MQW  and  super¬ 
lattice  structures  give  additional  broadening  in 
energy  spectrum.  In  fact,  the  characterization  of 
the  interface  roughness  in  III-V  heterostructures 
has  been  mostly  conducted  with  SQW  structures 
[2). 

Recently,  there  has  been  increasing  interest  in 
II-VI  wide  band  gap  superlattices  .such  as  CdTe- 
ZnTe  [3],  ZnTe-ZnSe  [4,5],  ZnSe-ZnMnSe  [6], 
and  ZnSe-ZnS  [7,8]  for  use  in  optoelectronic  de¬ 
vices  in  the  short  wavelength  region.  In  particular. 
ZnSe-ZnS  superlattices  have  been  grown  on  (100) 
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GaAs  substrates  by  hot  wall  epitaxy  [9],  molecular 
beam  epitaxy  (MBE)  [10],  metalorganic  chemical 
vapor  deposition  [7,8],  and  metalorganic  molecu¬ 
lar  beam  epitaxy  [11]  methods  because  of  poten¬ 
tial  applications  such  as  optical  waveguides  [12] 
and  blue  lasers  il  3],  Although  the  interface  quality 
has  a  crucial  effect  on  the  performance  of  these 
devices,  the  interface  quality  has  not  been  exten¬ 
sively  characterized  because  of  the  broad  emission 
spectrum  from  II-Vl  superlattice  structures. 

This  paper  presents  the  first  fabrication  of 
ZnS/ZnSe  SQWs  by  a  combination  of  MBE  and 
atomic  layer  epitaxy  (ALE),  in  which  ZnS  barier 
layers  are  grown  by  MBE,  while  the  ALE  tech¬ 
nique  [14]  is  adopted  to  grow  thin  ZnSe  well 
layers.  Photoluminescence  (PL)  spectra  of  the 
ZnS/ZnSe  SQWs  are  measured  for  various  well 
thicknesses.  The  interface  roughness  and  its  in¬ 
fluence  on  PL  spectra  will  be  discussed. 


2.  Fabrication  of  ZnS  /  (ZnSe).  /  ZnS  single 
quantum  well  structures 

Fig.  1  shows  a  schematic  picture  of  a  ZnS/ZnSe 
SQW  structure.  A  0.15  /urn  thick  GaAs  buffer 
layer  was  grown  on  a  (l(X))GaAs  substrate  by 
MBE  in  a  separate  growth  chamber.  The  sample 
was  transferred  to  the  II- VI  growth  chamber  via 
magnetic  feedthrough  and  a  ZnS  barrier  layer 

•^~  1  0  00  \  MBE 
1~20  ML  ALE 

<^~S0  00  A  MBE 


- -  1  500  A  MBE 

Tig  b~  200  C 
Gzns~  1  000  A/h 


Fig.  2.  The  intensity  variation  of  the  RHEED  specular  beam 
intensity  during  the  growth  of  ZnSe  well. 

whose  thickness  ranged  from  0.1  to  0.5  ^tm  was 
subsequently  grown  by  MBE.  The  typical  growth 
rate  for  ZnS  was  0.1  jum/h.  Although  the  lattice 
mismatch  between  GaAs  and  ZnS  is  4.5%.  the  ZnS 
layer  was  thick  enough  to  be  fully  relaxed.  The 
ZnSe  well  layer  was  grown  by  ALE.  in  which  the 
ALE  cycle  was  as  follows;  the  open  periods  of  the 
Zn  and  Se  shutters  were  60  s  and  the  interval 
period  in  between  each  open  period  of  the  shutter 
was  5  s.  The  ALE  growth  conditions  were  ex¬ 
amined  by  RHEED  investigations  [15],  The  thick¬ 
ness  of  the  ZnSe  well  ranged  from  1  to  20  ML. 
Finally,  a  ZnS  barrier  layer  whose  thickness  ranged 
from  0.03  to  0.1  jum  was  grown  by  MBE.  The 
substrate  temperature  during  growth  of  II-VI 
compounds  was  varied  between  130  and  210  °C. 

Fig.  2  shows  an  example  of  the  variation  of  the 
RHEED  specular  beam  intensity  during  the  ALE 
growth  of  a  ZnSe  well  of  5  monolayers  (ML). 
RHEED  observation  conditions  were:  accelera¬ 
tion  voltage  11  keV;  azimuth  ||[110]  direction; 
incidence  angle  1°.  After  the  succeeding  forma¬ 
tion  of  S-  and  Zn-covered  surfaces.  ALE  growth 
of  ZnSe  was  initiated  by  opening  the  Se  shutter. 
The  S-covered  surface  of  ZnS  showed  a  (2x1) 
reconstruction  RHEED  pattern,  while  the  Zn- 
covered  surface  showed  a  (1  X  1)  RHEED  pattern. 
It  is  interesting  to  note  that  the  RHEED  intensity 
for  the  Zn-covered  surface  was  stronger  than  that 
for  the  S-covered  surface.  This  relationship  is  the 
.same  as  for  ZnSe  and  ZnTe  [15].  After  the  growth 


Fig.  1.  Schematic  of  fabricated  single  quantum  well  structures. 
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of  5  ML  of  ZnSe  which  was  terminated  by  open¬ 
ing  the  Zn  shutter,  the  MBE  growth  of  ZnS  was 
restarted  by  opening  the  S  shutter  with  the  Zn 
shutter  being  kept  open.  The  observed  persistent 
RHEED  intensity  oscillations  during  growth  are 
indicative  of  atomic  layer-by-layer  growth  of  ZnSe. 


3.  Photoluminescence  properties 

PL  spectra  were  measured  at  4.2  K  using  the 
3250  A  line  from  a  He-Cd  laser  as  an  excitation 
source.  As  shown  in  fig.  3,  PL  spectra  from 
ZnS/ZnSe  SQWs  show  dominant  excitonic  emis¬ 
sion  presumably  due  to  radiative  annihilation  of 
the  free  exciton.  It  should  be  noted  that  the  free 
excitonic  emission  even  from  a  1  ML  thick  ZnSe 
SQW  was  observed  with  sufficient  emission  inten¬ 
sity.  which  is  indicative  of  high  internal  quantum 
efficiency  of  ZnS/ZnSe  SQWs.  The  emission  en- 


I  I 

i  ,  Eg(ZnS) 

I 

/  Eg  (ZnSe)  j  ,  ^ 

-  t  ,  ' 


xL.'i  7 


I'hotnn  KruTiry  }f\‘( 

F»g,  3  Phoiolumine.scence  spetira  from  single  quantum  well 
structures. 


ZnSe  Well  width  (A) 

10  20  30  40  SO  60 


ZnSe  V.'ell  width  (ML) 

Fig.  4.  The'  Jepe'nJcntc*  of  cniissioi)  energy  on  the  well  thick  • 
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ergy  of  a  ZnS/ZnSe  .SQW  with  1  ML  thick  ZnSe 
well  reaches  around  3.5  eV.  which  is  the  shortest 
wavelength  ever  obtained  from  II- VI  heterostruc¬ 
tures.  The  linewidth  of  the  emission  peak  from 
quantum  wells  thicker  than  3  ML  varied  from  15 
to  30  meV.  which  is  narrower  than  the  reported 
half-width  for  ZnSe  ZnS  superlattices  [7-11]. 
Such  sharp  emission  is  in  contrast  to  the  broad 
emi.ssion  from  ZnSe-ZnTe  superlattices,  which  fall 
in  the  category  of  type  II  superlattices  [4,5].  How¬ 
ever.  as  the  well  width  is  reduced  below  2  ML,  the 
emi.ssion  line  shows  a  prominent  band  tail  on  its 
low  energy  side  and  the  half  width  increases 
ab-uptly;  86  meV  for  2  ML  and  115  meV  for  1 
ML. 

Fig.  4  plots  the  emi.ssion  peak  energy  against 
the  ZnSe  well  width.  The  half  width  value  is 
shown  by  a  vertical  bar.  As  the  well  width  de- 
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creases  from  20  to  1  ML,  the  emission  increases 
from  2.92  to  3.47  eV.  Since  the  SQW  emission 
exhibits  a  sharp  peak  with  the  peak  energy  being 
situated  in  between  the  band  gap  energies  of  ZnSe 
(2.82  eV)  and  ZnS  (3.83  eV).  the  ZnS/ZnSe  super¬ 
lattice  falls  in  the  category  of  type  I. 

The  solid  curve  shows  the  dependence  of  the 
calculated  emission  energy  on  the  well  thickness 
based  on  a  simple  square  well  potential  model.  In 
the  calculation,  the  effect  of  strain  -  that  is, 
biaxial  compressive  strain  -  is  accounted  for.  Al¬ 
though  there  have  been  reported  values  ranging 
from  270  to  940  meV  for  the  valence  band  offset 
of  ZnSe/ZnS  heterostructures  [15],  it  is  generally- 
considered  that  the  conduction  band  offset  is  very 
small  compared  to  the  valence  band.  We  tenta¬ 
tively  assumed  for  simplicity  in  the  calculation 
that  J  =  0  and  T  £\  -  —  1  eV.  This  as¬ 

sumption  is  consistent  with  the  observation  that 
only  one  emission  line  was  observed,  even  at  high 
temperature  (up  to  110  K).  The  calculation  agrees 
fairly  well  with  the  experimental  results  except  for 
well  widths  of  1-3  ML.  Although  Harri.son's  lin¬ 
ear  combination  of  atomic  orbital  theory  predicts 
that  the  band  structure  of  the  ZnS-ZnSe  interface 
represents  type  1  (J£^  =  0.2  eV  and  J£,  =0.8 
eV)  [17],  it  is  likely  that  the  conduction  band 
offset  is  much  smaller  than  0.2  eV.  In  fact,  recent 
study  of  PL  of  ZnSe/ZnS  superlattices  suggests 
that  the  conduction  band  offset  for  a  well  width  of 
40  A  is  expected  to  be  zero  due  to  the  strain  [7J. 
There  is  considerable  discrepancy  in  the  emission 
energy  for  very  thin  wells  (1-3  ML)  between  the 
calculation  and  experiment.  In  such  thin  quantum 
wells,  the  effective  ma.ss  approximation  is  not  a 
good  approximation  and  a  more  rigorous  treat¬ 
ment  would  be  needed.  Moreover,  even  in  the 
calculation  of  the  emis.sion  energy  based  on  the 
simple  square-well  potential  model,  the  variation 
of  binding  energy  with  the  well  thickness  should 
be  considered.  The  binding  energy  of  3D  exciton 
is  21  meV.  while  that  of  a  two-dimensional  limit  is 
84  meV.  The  enhancement  of  the  exciton  binding 
energy  becomes  important  thin  quantum  wells. 
These  factors  are  not  considered  in  the  present 
calculation,  and  should  be  responsible  for  the 
deviation  of  the  calculation  from  the  experimental 
results. 


4.  Discussion 

The  broadening  mechanisms  of  the  PL  line 
width  are:  (i)  interface  roughness,  (ii)  the  interac¬ 
tion  of  excitons  with  phonons,  and  (iii)  band 
filling  due  to  high  carrier  concentration.  The 
broadening  due  to  the  interaction  of  excitons  with 
phonons  becomes  dominant  at  high  temperature 
[18j.  but  is  less  important  at  low  temperature 
compared  to  other  mechanisms  in  the  case  of 
weak  electron-phonon  coupling.  The  broadening 
due  to  the  band  filling  becomes  important  in  a 
thick  well,  when  the  excitation  intensity  is  rela¬ 
tively  high.  Therefore,  the  luminescence  broad¬ 
ening  due  to  the  interface  roughness  would  be 
responsible  for  the  luminescence  broadening  ob¬ 
served  in  the  present  experiments.  It  is  observed 
that  the  linewidth  scattered  around  20  meV  for 
quantum  wells  above  3  ML.  while  it  increa.ses 
abruptly  as  the  well  width  decreases  below  3  ML. 
Such  abrupt  broadening  cannot  be  explained  only 
by  considering  the  fluctuation  in  the  energy  level 
of  excitons  caused  by  quantum  confinement  along 
the  growth  direction,  but  also  considering  an  ad¬ 
ditional  ”  lateral"  quantum  confinement  effect  of 
excitons. 

When  1  ML  thick  ZnSe  is  deposited  on  a  ZnS 
.surface  which  has  a  surface  roughness  of  one 
monolayer,  there  would  be  formation  of  ZnSe 
islands  who.se  thickness  is  1  ML.  as  schematically 
shown  in  fig.  5a.  If  the  lateral  dimensions  of  these 
islands  is  small  compared  to  the  de  Broglie  wave¬ 
length  of  electrons,  additional  "lateral"  quantum 
confinement  effects  should  be  considered.  In  terms 
of  RHEED  characterization,  the  surface  of  the 
ZnS  buffer  layer  is  not  atomically  smooth  com¬ 
pared  to  the  GaAs  surface.  Therefore,  it  is  natural 
to  consider  that  there  are  many  small  islands  and 
valleys  whose  lateral  dimensions  are  much  smaller 
than  the  de  Broglie  wavelength.  After  the  deposi¬ 
tion  of  ZnSe  by  ALE.  a  ZnS  barrier  layer  is 
•sub.sequcntly  deposited.  If  the  surface  roughne.ss 
of  ZnS  is  assumed  to  be  1  ML.  as  shown  in  fig.  5a. 
the  ZnSe  '“lands  formed  by  the  surface  roughne.ss 
(terraces  at.d  valleys)  of  ZnS  are  three-dimension- 
ally  covered  by  ZnS,  which  results  in  a  three-di¬ 
mensional  quantum  confinement  of  electrons  and 
holes.  Thus  the  situation  is  similar  to  the  quantum 
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ht'x.  but  with  strong  anisotropy.  Such  confine¬ 
ment  would  realize  "quantum  slabs",  in  which  the 
confinement  in  the  grow  th  direction  is  of  the  order 
<)f  an  atomic  layer,  while  the  lateral  confinement  is 
of  the  order  of  excitonic  size.  It  is  expected  that 
such  anisotropic  "quantum  slabs"  would  yield  in¬ 
teresting  optical  phenomena.  Since  the  lateral  di¬ 
mensions  of  such  "quantum  slabs"  are  distributed 
almost  randomly,  the  energy  spread  of  the  quan¬ 
tum  level  would  become  significant.  Conse¬ 
quently.  the  luminescence  broadening  tKCurs. 

Fig.  5b  schematically  shows  the  situation  after 
the  growth  of  2  ML  of  ZnSe  well.  It  is  obvious 
that  the  lateral  confinement  is  weakened  because 
t'f  the  lateral  extension  of  the  interface  layer. 
Thus,  the  energy  spread  due  to  the  lateral  confine¬ 
ment  is  decrea.sed.  which  results  in  a  decrea.se  in 
luminescence  broadening  compared  to  the  1  ML 
quantum  well.  Further  deposited  ZnSe  smears  out 
the  lateral  quantum  confinement  abruptly.  As  a 
consequence,  the  lumine.scence  broadening  in  thick 
quantum  wells  is  mainly  determined  by  the 
fluctuations  due  to  the  quantum  confinement  ef¬ 
fect  along  the  growth  direction. 


It  should  be  pointed  out  that  the  thick  well 
(15-20  ML)  showed  rather  broad  linewidth  (30 
meV)  with  weak  luminescence.  It  is  most  likely 
that  there  occurs  the  generation  of  misfit  disloca¬ 
tions  in  these  films,  which  produces  nonradiative 
centers  and  broadens  the  luminescence. 


5.  Conclusions 

ZnS/(ZnSe)„/ZnS  (n  =  1-20)  single  quantum 
well  structures  were  fabricated  by  a  combination 
of  MBE  and  ALE.  The  SQW  structure  shows 
dominant  excitonic  emission  which  shows  quan¬ 
tum  confinement  effect.  The  analysis  of  the  de¬ 
pendence  of  the  emi.ssion  energy  on  the  well  width 
indicates  that  the  conduction  band  offset  is  very 
small,  or  practically  zero.  The  luminescence  from 
wells  thicker  than  3  ML  shows  a  sharp  peak  whose 
line  width  is  typically  15-30  meV,  while  thinner 
quantum  wells  show  much  broader  lumine.scence. 
which  cannot  be  explained  only  by  fluctuations  in 
the  electronic  energy  level  associated  with  quan¬ 
tum  confinement  effect  along  the  growth  direc¬ 
tion.  It  i.>  suggested  that  “quantum  slab"  struc¬ 
tures  are  formed  on  the  ZnS  surface  at  the  begin¬ 
ning  of  epitaxy,  which  cau.ses  additional  lateral 
quantum  confinement.  The  lateral  fluctuation  of 
the  "quantum  slab"  size  causes  additional  lumi¬ 
ne.scence  broadening. 
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Blue  (ZnSe)  and  green  (ZnSeo^Teo.,)  light  emitting  diodes 
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We  report  the  successful  fabrication  of  ZnSe  p-n  junction  light  emitting  diodes  in  which  Li  and  Cl  are  used  as  p-type  and  n*type 
dopants,  respectively.  These  p-on-n  structures  emit  blue  light  at  room  temperature.  Double  heterostructures  in  which  the  active  region 
is  either  a  ZnSe,JyTe^,  ^  layer  or  a  ZnSe-ZnSe,mTey  |  multilayer  have  also  been  fabricated  by  molecular  beam  epitaxy.  These  structures 
emit  green  electroluminescence  over  a  wide  temperature  range. 


1.  Introduction 

Fabrication  of  ZnSe  blue  light  emitting  diodes 
(LEDs)  and  lasers  requires  the  formation  of  p-n 
junctions  or  heterostructures  through  controlled 
substitutional  doping  (l-9j.  Devices  of  this  type 
are  currently  sought  for  a  number  of  applications 
including  their  use  in  full-color  electroluminescent 
displays,  as  read-write  laser  sources  for  high-den- 
sity  information  storage  on  magnetic  and  optical 
media,  and  as  sources  for  undersea  optical  com¬ 
munications.  fn  addition.  ZnSe  is  closely  lattice- 
matched  to  GaAs  (Sa/a  ~  0,25'?).  Thus,  in  prin¬ 
ciple.  ZnSe  devices  can  be  integrated  with  Al- 
GaAs-GaAs  devices  to  form  sources,  amplifiers, 
modulators,  and  detectors  in  a  multicolor  optoe¬ 
lectronics  technology  that  could  be  u.sed  for  both 
optical  communications  and  optical  signal 
processing  (optical  computing). 

In  this  paper,  we  report  the  successful  fabrica¬ 
tion  of  ZnSe  p-n  Junction  LEDs  in  which  Li  and 
Cl  are  used  as  p-type  and  n-type  dopants,  respec¬ 
tively.  These  LEDs  emit  blue  light  at  room  tem¬ 
perature. 

Double  heterostructures  (DH)  in  which  the  ac¬ 
tive  region  is  either  a  ZnSeo^Te,,,  layer  or  a 
ZnSe-ZnSe,|qTe„  ,  multilayer  have  also  been  suc¬ 
cessfully  prepared.  These  LED  structures  emit 
green  electroluminescence  over  a  wide  tempera¬ 
ture  range. 


2.  Experimental  details 

The  LED  structures  were  grown  by  molecular 
beam  epitaxy  (MBE)  in  a  special  system  designed 
and  constructed  at  North  Carolina  State  Univer¬ 
sity  (NCSU)  .specifically  for  growing  11-Vl  com¬ 
pound  semiconductors  [10].  High  purity  (6N)  Zn. 
Se.  and  Te  from  Osaka  Asahi  Metals  Company 
were  used  as  primary  MBE  source  materials. 
ZnCKfSNS)  was  u.sed  as  a  solid  Cl  doping  source 
for  growth  of  the  n-type  layers.  Pure  Li  metal 
(3N5)  was  used  to  dope  the  p-type  layers. 

The  ZnSe  diode  structures  (fig.  la)  were  grown 
on  n-type  (  ~  4  X  lO'"  cm  ’ )  ( 100)  GaAs  ;  Si  sub¬ 
strates.  First,  a  1.7  pm  thick  n-type  (n,,  --  2  X  10'" 
cm  ')  ZnSe: Cl  base  layer  was  grown,  followed 
by  deposition  of  a  0.8  pm  thick  p-type  ZnSe;  Li 
layer.  The  ZnSeiigTe,,,  LED  structures  consisted 
of  a  DH  in  which  the  active  region  was  either  a 
ZnSe„gTe|,  |  layer  or  a  ZnSe-ZnSeimTe,, ,  multi¬ 
layer  .sandwiched  between  doped  ZnSe  layers  (fig. 
lb).  For  each  of  the  above  structures,  ohmic  con¬ 
tact  to  the  back  surface  of  the  GaAs :  Si  substrate 
was  obtained  by  thermal  evaporation  of  a 
Au„((sGe,p,;  eutectic  layer.  Diode  structures  were 
then  completed  by  depositing  0.8  mm  Au  dots 
onto  the  top  ZnSe ;  Li  layer  using  a  metal  mask. 

Diode  /- C  characteristics  at  300  K  were  mea¬ 
sured  using  a  Tektronix  370  curve  tracer,  Electro- 
lumine.scence  spectra  were  obtained  for  selected 
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diodes  at  temperatures  ranging  from  4.2  to  300  K. 
In  these  e.xperimenls,  gold  wires  were  attached  to 
the  top  and  bottom  electrodes  and  the  diodes  were 
placed  in  a  liquid-He  optical  cryostat.  The  diodes 
were  forward-biased  using  6-8  V  voltage  pulses 
(KXK)  Hz.  10*?  duty  cycle)  from  a  Hewlett-Packard 
model  2 14- .A  pulse  generator.  The  emitted  electro¬ 
luminescence  was  then  detected  and  analyzed 
using  a  computer-controlled  SPEX  double  montv 
chromator  equipped  with  a  GaAs  photomultiplier 
tube. 


3.  Results  and  discussion 

J.  I.  ZnSe  blue  LEDs 

The  ZnSe  diodes  exhibit  good  rectification 
properties  as  shown  in  fig.  2.  The  forward-bias 
turn-on  voltage  is  2.3-3  V  for  our  best  diodes; 
reverse  bias  breakdown  generally  exceeds  10  V.  It 
sht'uld  by  noted  that  the  ZnSe  diode  structure 
described  here  is  essentially  the  reverse  of  the 


ZnSe  diode  structure  recently  reported  by  Haase 
and  co-workers  [3.11]  of  3M  Company.  The  3M 
ZnSe  LED  structure  consists  of  a  p-type  ZnSe  :  Li 
film  deposited  onto  a  p^-GaAs  substrate.  This  is 
followed  by  deposition  of  an  n-lype  ZnSe ;  Cl  layer. 
Although  this  structure  is  reported  by  Haa.se  et  al. 
to  emit  blue  light  (463  nm)  at  room  temperature, 
they  also  report  a  forward  bias  turn-on  voltage  in 
excess  of  15  V.  This  large  turn-on  voltage,  which 
cannot  be  tolerated  in  a  laser  structure,  is  attri¬ 
buted  to  a  high  resistivity  layer  caused  by  misfit 
dislocations  at  the  GaAs-ZnSe  interface.  Part  of 
this  voltage,  no  doubt,  is  also  due  to  the  large 
valence  hand  offset  voltage  (  ~  1.3  eV)  at  the  inter¬ 
face  between  these  two  materials,  which  blocks  the 
transport  of  holes  to  the  junction.  By  reversing 
this  structure,  as  we  have  done  using  a  p-on-n 
configuration,  problems  associated  with  the 
ZnSe-GaAs  interface  have  been  eliminated.  In 
this  case,  under  forward  bias  conditions,  electrons 
flow  toward  the  junction  from  the  n-type  layers. 
There  is  no  blockage  to  transport  at  the  GaAs- 
ZnSe  interface,  since  the  cnnduciion  hand  offset  is 
e.s.senlially  zero  [12j.  In  addition,  it  appears  that 
our  samples  are  not  plagued  by  a  high  resistivity 
layer  at  this  interface,  which  contributes  to  the 
very  high  (>  15  V)  turn-on  voltage  reported  by 
the  3M  group  for  their  p-on-n  diode  structures. 

There  is  a  problem,  however,  in  obtaining  a 
good  ohmic  contact  to  p-type  ZnSe.  which  the 
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Fig  2.  I  ~  y  characteristics  of  ZnSe  LED  at  300  K. 
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Fig.  Eleciroluminescence  >pectra  ohtained  for  ZnSe  LED  at 
77.  and  4.2  K. 


.structure  .shown  in  fig.  2  require.s.  We  have  chctsen 
to  use  gold  for  this  contact,  which  produces  a 
Schottky  barrier  of  -•  1  V  on  ZnSe.  as  determined 
from  X-ray  photoemission  spectroscopy  (XPS) 
studies  (1.1).  As  a  consequence,  the  forward-bias 
turn-on  voltage  for  our  structure  is  larger  than 
expected  for  an  "ideal"  ZnSe  p-n  junction,  since 
the  gold  Schottky  barrier  is  rever.sed-bia.sed.  It  is 
also  for  this  reason  that  the  forward-bias  /  V 
characteristics  are  “soft",  after  the  2.5-.4  V  turn¬ 
on.  We  have  completed  detailed  measurement.,  of 
the  forward-bias  characteristics  of  these  initial  di¬ 
ode  structures  u.sing  a  Hewlett-Packard  model 
4142B  circuit  analyzer.  We  obtain  a  diode  ideality 
factor  n  =  1.3  for  foward-bias  currents  up  to  10 
A.  For  currents  greater  than  10  '’A.  /r  >  2  be- 
cau.se  of  appreciable  series  resistance  ( R  ~  500- 
10(X)  W)  associated  with  the  reverse-bia.sed  gold- 
ZnSe :  Li  contact. 

Electroluminescence  (EL)  spectra  for  a  typical 
ZnSe  LED  is  shown  in  fig.  3.  The  .3(X)  K  electro- 
lumine.scence  spectrum  consists  of  a  single  near¬ 
edge  peak  centered  in  the  blue  at  2.630  eV  (471 
nm)  having  a  full-width  at  half  maximum  FWHM 
=  54  meV.  At  77  K.  peak  emission  occurs  at  2.699 
eV  (4.59  nm).  At  4.2  K.  the  main  electrolumines¬ 
cence  emission  peak  is  at  -  2.786  eV  (445  nm) 
and  is  of  excitonic  origin.  The  EL  emis.sion  ap¬ 


pears  at  the  edges  of  the  30  mil  opaque  circular 
gold  dot.  At  300  K,  the  emission  appears  very 
bright  to  the  eye.  However.  LED  ab.solute  ef¬ 
ficiency  measurements  have  not  yet  been  com¬ 
pleted. 

3.2.  ZnSe,,  ^Te, I  I  LEDs 

The  substitution  of  10%  Te  for  Se  in  ZnSe  to 
form  the  alloy  ZnSe„i|Te,|,  reduces  the  band  gap 
by  approximately  300  meV  ( ~  2.4  eV).  In  ad¬ 
dition.  the  index  of  refraction  of  ZnSe  is  less  than 
that  of  the  alloy.  Thus  ZnSe  can  .serve  as  a  clad¬ 
ding  layer  in  optical  confinement  structures  con¬ 
taining  ZnSciiyTeii ,.  As  a  con.sequence.  we  have 
employed  a  ZnSeDgTe,,  ,  alloy  in  the  active  region 
of  the  DH  LEDs  shown  in  fig.  1.  Two  types  of 
active  regions  were  investigated:  (1)  a  1000  A 
layer  of  ZnSei|.jTe|| ,.  and  (2)  a  superlattice  consist¬ 
ing  of  ten  (lOO  A)  layers  of  ZnSe„yTe„ ,  alternating 
with  nine  (100  A)  layers  of  ZnSe.  Both  types  of 
DH  LED  structures  exhibited  /-L  curves  similar 
to  that  shown  in  fig.  2.  In  addition,  the  ZnSe,,  gTe„  , 
LEDs  emitted  green  light  over  a  wide  temperature 
range.  This  is  illustrated  by  the  EL  spectra  shown 
in  fig.  4.  At  the  top  is  shown  the  emis.sion  .spectra 
at  300  K.  which  peaks  in  the  green  at  -  2.38  eV. 
Spectra  obtained  at  200  and  100  K  are  also  shown 
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for  comparison.  Two  features  of  the  EL  spectra 
are  apparent:  (1)  The  EL  peak  is  relatively  broad 
(FWHM  >  200  meV)  at  all  temperatures  -  much 
broader  than  the  EL  observed  for  the  ZnSe  LEDs, 
for  example.  This  luminescence  broadening  is  a 
known  property  of  ZnSeTe  alloys,  which  has  been 
attributed  to  efficient  decay  of  localized  excitons 
self-trapped  at  Te  sites  that  is  triggered  by  alloy 
potential  fluctuations  [14,15],  It  should  be  noted 
that,  with  this  peak  broadening,  the  integrated 
luminescence  intensity  at  a  given  temperature  is 
up  to  100  times  greater  for  the  ZnSe„  ,,Te„ ,  LEDs 
compared  to  the  ZnSe  LEDs.  (2)  The  EL  peaks 
show  regular  periodic  o.scillations  in  intensity.  This 
feature  is  due  to  interference  effects  which  result 
from  the  fact  that  the  EL  comes  from  a  thin 
(1000-2000  A)  confinement  structure  and  thus 
has  a  relatisely  high  degree  of  spatial  coherence. 

4.  Summary  and  conclusions 

Successful  fabrication  of  ZnSe  p-n  junction 
light  emitting  diodes  in  which  Li  and  C'l  are  used 
as  p-type  and  n-type  d^  nts.  respectively,  has 
been  achieved.  These  p-on-n  structures  emit  blue 
light  at  room  temperature.  Double  heterostruc- 
lures  in  which  the  active  region  is  either  a 
ZnSe,,.,Te,, ,  layer  or  a  ZnSe  ZnSe,,  iTc'ii  i  multi¬ 
laser  have  alsi'  been  successfully  fabricated  by 
molecular  beam  epitaxy.  These  LED  structures 
emit  bright  green  electroluminescence  tner  a  wide 
temperature  range. 

The  question  of  Li  diffusion  throughout  the 
LED  structures  is  a  potential  problem  that  must 
be  addressed.  At  NCSL,  we  intend  to  initiate  a 
svstematic  set  of  annealing  experiments  together 
with  SIMS  measurements,  to  study  this  question. 
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Limited  thickness  epitaxy  of  semiconductors  and  Si  MBE  down 
to  room  temperature 

D.J.  Haglesham.  H.-J.  Gossmann.  M.  Cerullo.  L.N.  Pfeiffer  and  K.W.  West 

AT<S:  I  Bell  l.ahorutonvs.  NHi  Mountain  Arenue.  Murray  fiilL  Sew  Jvr'iev  07974.  L'SA 


Si  MBF.  on  stniH'lh  SidOO)  surface's  is  shown  ii'  oc-cur  at  temperatures  down  to  room  temperature.  We  demonstrate  that  Si 
depc»si(ion  at  amstant  temperature  becomes  jmt>rphou.s  after  gnmlh  of  a  limiting  epitaxial  thickness  /i  At  riHun  temperature. 

IS  a:lO-.to  A  and  increases  rapidU  at  higher  temperatures  with  a  rate-dependent  activation  energy  m  the  range  11.4-  1.5  eV. 
f  xpenments  suggest  that  neither  impurit)  segregation  nor  defect  build-up  cau.se  the  ultimate  nuclealion  of  the  amorphous  phase,  and 
ihe  effect  mav  be  linked  surface  roughening  during  growth  at  K'w  temperatures.  The  possibility  that  some  step  arrangements  may 
he  sufficient  to  trigger  nucleation  of  (he  amorphous  phase  is  drscu.ssed.  We  .sh<iw  that  dt>panis  are  active  e\en  at  very  li'w  growth 
temperatures,  si'  that  iimiied-ihickne.ss  epitaxy  provides  a  solution  to  the  ’'doping  problem”  of  thermally-activated  surface 
segregation  of  dopants  in  Si  VfBL.  Our  observations  of  Si/  Si( I H ).  (ic/  Si(  UK)),  and  <fa.As  ( taAs(  I(Ki)  suggest  that  limited-thickness 
epitaxs  mav  occur  in  MBF  deposition  of  almost  any  semiconductor. 


Affording  to  the  textbooks,  there  should  be  a 
mininuini  temperature  7'.^,  for  growth  irf  a  given 
material  to  ocfur  epitaxially  (1|.  This  eritifal  tem¬ 
perature  is  attributed  to  the  point  at  which,  for  a 
given  growth  rate,  surface  diffusion  of  inc<>ming 
atoms  ceases  to  be  thermally  activated.  Below 
vacuum  deposition  should  produce  an  amorphous 
inerla\er.  as  opposed  to  a  crystalline  epitaxial 
film  above  Here  we  present  data  to  show  that 
the  notion  of  a  T.p,  is  probably  not  appropriate  in 
MBH  growth  of  anv  semiconductor,  even  at  a 
fixed  growth  rate  We  demonstrate  for  the  first 
time  the  existence  of  a  limiting  ihukness  for 
an  epitaxial  film,  beyond  which  the  amorphous 
phase  nucleates.  The  epitaxial  thickness  fol- 
l(>ws  an  exponential  temperature  dependence, 
which  has  previously  been  mistaken  for  an  abrupt 
cut-off  in  epitaxy. 

Wc  begin  bv  studying  .Si  VfBT  on  the  Si(IOO) 
surface,  perhaps  one  of  the  most-studied  epitaxial 
systems.  Ihe  minimum  epitaxial  temperature  7^.p, 
IS  particularlv  important  in  Si  MBH.  since  ther- 
rnallv-activated  diffusion  leads  ti'  verv  marked 
segregation  of  electrical  dopants  to  the  Si  surface 
Ihis  limits  both  the  maximum  dc'pant  concentra¬ 
tions  achievable  and  the  sharpness  of  dopant  pnv 


files  [2  5):  this  is  known  as  the  “doping  problem”. 
A  large  variety  of  techniques  have  previously  been 
used  to  determine  the  epitaxial  temperature  in  Si 
MBH;  surprisingly,  however,  no  clear  consensus 
ha.s  emerged  for  with  measured  values  vary¬ 
ing  from  to  room  temperature  [6-8],  We 

shall  show  that  these  discrepancies  are  attributable 
to  the  existence  of  an  amorphous-crystalline  tran- 
sitivin  in  a  film  growing  at  fixed  temperature.  This 
allows  us  to  control  Si  epitaxv  (of  limited  thick¬ 
nesses)  down  to  room  temperature. 

The  epitaxy  of  Si  at  low  tern,  .itures  was 
studied  using  crvxss-section  and  plan-view  trans¬ 
mission  electron  microscopy  (THM)  to  study  Si 
layers  deposited  under  a  'iiriely  of  typical  MBH 
conditions.  Several  differeiu  MBH  chambers  were 
used  with  pressures  typically  10  to  10  Torr 
during  grvrwth.  [Jeposition  rates  between  10  and 
0.05  A  s  '  were  studied  using  electron  guns  and 
Knudsen  cells  as  the  Si  source;  dopants  were 
deposited  using  either  K-cells  or  heavily  doped  Si 
H-guns.  The  surface  was  prepared  by  growth  of  a 
buffer  at  550  700"C  on  nominally  (100)  oriented 
Si  substrates  from  which  a  protective  oxide  had 
been  sputtered  or  thermally  desorbed.  In  order  to 
clarify  the  interface  between  the  high-temperature 
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Fig.  1.  Si  film  MBE-grown  at  ssl90°C  on  Si(lOO)  following 
growth  of  a  3  monolaver  thick  Ge  marker  layer  at  SSO’^C. 
showing  a  transition  from  crystalline  epitaxy  to  amorphous 
deposition  beyond  the  epitaxial  thickness  Bright  field 

image  of  {011}  cross-seciion,  at  the  (400)  Bragg  position. 
Goniro!  samples  show  that  this  phenomenon  is  independent  of 
the  Ge  marker  layer. 


buffer  and  the  low-temperature  epilayer  an  ad¬ 
ditional  marker  layer  of  1-3  monolayers  of  Ge 
was  frequently  deposited  (at  high  temperature)  on 
this  buffer.  Since  direct  measurement  of  substrate 
temperature  is  difficult  below  »  500°C.  thermo¬ 
couple  measurements  of  the  substrate  holder  tem¬ 
perature  were  calibrated  by  extrapolation  from 
pyrometer  measurements  above  500°C:  while  rela¬ 
tive  temperatures  in  a  given  chamber  can  easily  be 


measured  to  within  ±5°C.  absolute  values  re¬ 
ported  here  are  probably  accurate  only  to  within 
»  +25°C.  Substrate  temperatures  were  held  sta¬ 
ble  to  within  +5°C  throughout  the  low-tempera¬ 
ture  growth  stage. 

Fig.  1  shows  a  typical  Si  layer  deposited  at 
=  190°C  on  a  Ge  marker  layer.  Although  the 
temperature  was  held  constant  during  the  low- 
temperature  growth,  we  clearly  see  epitaxy  over  an 
initial  thickness  of  =  330  A.  followed  by  nuclea- 
tion  of  amorphous  material.  In  fact,  at  all  temper¬ 
atures  between  300  and  50°C,  we  observe  epitaxy 
up  to  some  finite  thickness,  which  we  call  the 
epitaxial  thickness  beyond  the  deposited 
film  remains  amorphous.  The  breakdown  in  crys¬ 
tallinity  at  fipp,  is  thus  a  property  of  Si  MBt  at 
constant  temperature.  This  ob.servation  implies 
that,  at  least  for  Si  homoepitaxy  on  Si(lOO).  the 
concept  of  a  minimum  temperature  for  epitaxial 
growth  is  wholly  misleading. 

The  epitaxial  thickness  observed  prior  to 
nucleation  of  the  amorphous  phase  was  observed 
to  be  strongly  temperature-dependent,  suggesting 
a  thermally  activated  process.  A  sequence  of  layers 
was  grown  under  otherwise  identical  conditions 
(900°C  anneal  to  desorb  a  Shiraki  oxide.  580°C  Si 
buffer  grown  at  0.7  A  s  '  with  an  8  A  thick 
580°C  Ge  marker  grown  at  0.1  A  s' '.  both  from 
E-gun  sources,  followed  by  deposition  of  1500  A 
of  Si  at  0.7  A  s  '  at  low  temperature)  to  de¬ 
termine  the  temperature  dependence  of  Fig.  2 


Fig  2.  Temperature  dependence  of  the  limiting  epitaxial  thickness  (a),  and  plotted  in  Arrhenius  form  at  growth  rates  of  both  OJ 
and  n  A  s  '  (b).  The  very  sleep  increase  near  200‘’r  in  (a)  explains  why  previous  rept^rts  of  an  epitaxial  temperature  were  usually 
close  to  this  value  I  he  activation  energy  suggested  by  the  Arrhenius  plot  is0.4eV  at  0.7  A  s  '  and  1.5  eV  at  11  A  s  '. 
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shows  the  result  along  with  an  Arrhenius  plot  of  our  experimental  observations,  and  in  particular 

ln(/7,.p, )  against  1/7.  does  indeed  appear  to  constant  temperature  films  (fig.  2)  do  not  show 

increase  in  a  thermally  activated  exponential,  with  the  linear  increase  in  the  amorphous  fraction  given 

a  activation  energy  of  0.4  +0.05  eV.  Surpris-  by  the  Jorke  model.  Examination  of  the  defect 
ingly.  increasing  the  deposition  rate  of  the  low-  microstructure  suggests,  on  the  contrary,  that  the 

temperature  layer  to  11  A  s  '  produces  a  large  amorphous  phase  appears  fairly  abruptly  after 

increa.se  in  the  apparent  activation  energy  for  extended  growth  of  material  with  a  low  defect 

as  shown  in  fig.  2b.  density.  In  contrast  to  the  earlier  model,  we  would 

For  amorphous  growth  to  take  place  after  therefore  identify  a  limiting  Lliitkne.ss  as  an  intrin- 

growth  of the  surface  must  be  evolving  either  sic  feature  of  Si  MBE  at  low  temperatures,  as 

structurallv  or  chemically.  While  surface  segrega-  opposed  to  a  consequence  of  the  continuous 

lion  of  impurities  may  be  linked  to  amorphous  build-up  of  crystal  defects.  The  most  probable 

deposition  (particularly  H;  [9]),  we  have  carried  conclusion  is  that  the  surface  roughness  built  up 

out  a  number  of  e.xperiments  which  suggest  that  during  the  early  stages  of  growth  plays  some 

the  phenomenon  is  independent  of  impurities  [10].  central  role  in  nucleating  the  amorphous  phase. 

We  conclude  that  during  growth  at  very  low  tern-  The  growth  of  a  finite  /i^p,  may  thus  be  viewed  as 

peratures  the  (100)  surface  evolves  structurally,  a  manifestation  of  the  nuclcation  barrier  to  for- 

rather  than  chemically:  surface  roughening  is  the  ming  the  amorphous  phase  on  a  perfectly  flat 

most  obvious  explanation,  although  it  is  also  po.s-  crystalline  substrate. 

sible  that  the  step  structure  (rather  than  density)  This  picture  of  limited-thickness  epitaxy  is  not 

changes,  and  a  change  in  the  local  surface  recon-  restricted  to  Si(lOO).  and  suggests  that  the  effect 

struction  could  also  be  re.sponsible.  RHEED  o.scil-  may  be  general  in  low-temperature  growth.  We 

lation  studies  of  Si  growth  [11.12]  show  that  at  have  now  carried  out  similar  experiments  to  those 

temperatures  and  growth  rates  similar  to  those  described  above  for  MBE  of  Si/Si(lll).  Ge/ 

reported  here  the  (100)  surface  roughness  will  Si(lOO)  [13]  and  GaAs  on  GaAs(l()0)  [14],  at  lower 

indeed  evolve  over  thicknesses  of  the  order  50-500  temperatures  an  those  normally  reported  for  epi- 

.A.  Annealing  to  500°C  following  growth  of  a  taxy.  Fig.  3  shows  layers  of  Si/Si(lll)  (with  Ge 

thickness  just  less  than  /i^.p,  allows  us  to  deposit  a  marker)  and  GaAs/GaA.s(  100)  (with  ,AlAs 

further  epilayer,  up  to  2  x  (so  that  we  can  marker)  grown  at  350  and  240°C.  re.spectively.  .All 
grow  KXX)  A  at  2(X)°C  using  4  intermediate  flashes  of  the  systems  studied  to  date  show  limited-thick- 

to  5(X)°C  ):  thus  the  evolution  of  the  surface  during  ness  epitaxy  in  the  low-temperature  regime,  al¬ 
low  temperature  growth  must  be  reversible.  though  with  some  significant  differences.  Ge/ 

Two  previous  studies  have  speculated  on  (he  Si(IOO)  shows  a  crystalline-amorphous  transition 
possibility  of  a  limiting  In  order  to  explain  even  at  temperatures  where  earlier  RHEED  ex- 
the  inconsistency  between  observations  of  RHEED  periments  showed  Ge/Ge  epitaxy  rx-curring  to 

oscillations  on  SiflOO)  at  room  temperature  [12,11]  apparently  arbitrary  thickness,  suggesting  that 

and  measurements  made  on  thick  films.  Aarts  and  is  strain-dependent  (po.ssibly  through  the  strain- 

Larsen  (11)  postulated  a  breakdown  with  increa.s-  dependence  of  the  free  energy  of  the  crystalline 

ing  thickness  at  constant  temperature,  but  did  not  phase).  For  Si/Si(lll)  the  temperature-depen- 

provide  a  model  for  the  phenomenon.  More  re-  dence  of  is  exceptionally  steep,  so  that 

cently.  Jorke  et  al.  [7]  proposed  a  model  to  explain  limited-thickness  epitaxy  is  only  ob.servable  over  a 

their  observed  T,.p,  ba.sed  on  the  continuous  build-  very  narrow  temperature  range.  As  can  be  .seen  in 

up  of  di.sorder  in  the  growing  film.  As  they  noted,  fig.  3.  the  roughne.ss  of  the  amorphous- crystalline 

a  limiting  /i^p,  at  constant  temperature  is  implicit  interface  produced  during  limited-thickness  epi- 

in  their  model:  thus  it  is  tempting  lo  believe  that  taxy  on  (111)  is  considerably  greater  (=  l/r^.p,) 

the  actual  observation  of  an  provides  .some  than  that  in  Si/Si(100)  (=  or  GaAs/ 

confirmation  of  this  model.  However,  other  pre-  GaA,s(100)  (=  In  GaAs,  we  also  observe  a 

dictions  of  their  model  do  not  appear  to  tally  with  very  strong  dependence  on  the  Ga/As  flux  ratio. 
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Fig.  -F  The  epitaxial  thickness  effect  (a)  in  Si/SidU)  (MBE  grown  at  350°^  on  a  Ge  marker  layer)  and  (b)  in  GaAs/GaAs<IOO) 

(240‘’C,  AlAs  marker). 


with  excess  Ga  producing  a  much  larger  and 
an  abrupt  drop  in  the  epitaxial  thickness  at  = 
210°C  (14).  These  results  suggest  that  limited¬ 


thickness  epitaxy  may  be  universal  in  semiconduc¬ 
tor  MBE.  In  addition,  we  also  note  that  previous 
studies  of  plasma-enhanced  CVD  of  Si(lOO)  at 
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temperatures  near  200°C  show  features  consistent 
with  limited-thickness  behaviour  [15]. 

Finally,  we  address  the  technological  signifi¬ 
cance  of  our  observations  of  Si  MBE.  Jorke  et  al. 
[17]  recently  described  experiments  on  doping 
(100)  Si  at  temperatures  below  300°C  and  found 
activation  levels  of  only  =  20%  for  Sb  incorpora¬ 
tion  at  the  lO'**  cm'-'  level:  thus  low  temperature 
Si  epitaxy  appears  to  be  of  purely  academic  inter¬ 
est.  However,  we  have  carried  out  a  series  of 
experiments  on  doping  low  temperature  films  with 
both  Sb  and  B,  generally  using  temperatures  as 
high  as  250^C  to  attain  sufficiently  large  epilayer 
thicknes.ses  [18.19].  For  both  dopants.  5-doped 
layers  (with  a  low-temperature  epitaxial  Si  cap 
deposited  on  a  monolayer  of  dopants  establi.shed 
at  high  temperature)  show  no  precipitation  and 
less  than  10  A  segregation  in  TEM,  implying 
incorporation  to  the  10"'  cm  '  level.  Further¬ 
more,  both  the  (5-doped  layers  (for  both  Sb  and  B) 
and  continuous  films  grown  with  lower  doping 
levels  (=  10'**  to  10"'' cm  ')  show  100%  electrical 
activation,  within  experimental  error.  (This  im¬ 
plies  an  upper  limit  of  *  lO'*'  m”'  defect  states, 
showing  that  the  material  has  a  Uw  density  of 
point  defects  as  well  as  extended  defects.)  Thu.s.  in 
obtaining  a  more  complete  understanding  of  low- 
temperature  growth  we  have  provided  a  solution 
to  what  is  known  as  the  "doping  problem”  in  Si 
MBE. 

In  conclusion,  we  have  demonstrated  experi¬ 
mentally  that  there  is  an  epitaxial  thickness  in 
low -temperature  semiconductor  MBE.  as  opposed 
to  an  epitaxial  temperature.  The  breakdown  of 
epitaxy  is  not  due  to  segregation,  hut  appears  to 
arise  from  roughening  of  the  surface  during  grow  th 
below  some  critical  temperature.  follows  an 
.Arrhenius  curve,  with  an  activation  energy  of  0.4 
eV.  Annealing  to  500°C  allows  us  to  repeat  the 
growth  sequence  to  2  (or  n)  x  Low  tempera¬ 
ture  growth  solves  the  doping  problem  in  Si  MBE. 
giving  activation  levels  of  *  100%  at  dopant  con¬ 


centrations  in  the  10''  cm  '  regime,  and  10  A 
abruptness. 

We  would  like  to  thank  Stuart  Wolff.  Randy 
Headrick  and  Len  Feldman  for  a  number  of  use¬ 
ful  discussions. 
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1  wo'dimensional,  mela.slable.  ordered  structures  have  been  prepared  by  deposition  atop  unique  surface  reconstructions.  This 
discovery  that  surface  superlattice  structures  can  be  buried  in  crystalline  semiconductors  suggests  possibilities  for  ordered  doping  and 
ordered  alloy  structures  with  new  electronic  properties.  In  this  paper  we  summarize  our  recent  results  in  forming  ordered  structures  of 
boron  on  Sit  UK))  and  Si(  1 1 1 )  and  the  preservation  of  these  structures  under  .subsequent  Si  deposition. 


The  first  realization  of  preserving  a  surface 
reconstruction  under  a  deposited  layer  was  in  the 
a-Si/Si(  111)  system  where  the  complex  7x7 
structure  remained  at  the  interface  ''ormed  by 
clean  Si(ni)-7  x  7  and  subsequent  deposition  of 
amorphous  silicon  (a-Si)  [1].  The  realization  tha'. 
ordered  surface  structures  can  be  preserved  at  a 
buried  interface  suggests  possibilities  for  new 
metastable  materials  and  interesting  two  dimen¬ 
sional  phenomena.  In  this  paper  we  describe  our 
recent  observations  of  buried  structures  in  systems 
consisting  of  ordered  boron  adsorbates  on  (111)- 
oriented  Si  surfaces  [2  4|.  This  atomic  configura¬ 
tion  behaves  electrically  as  a  dopant  sheet  of  atoms 
with  high  electrical  activity.  Similar  re.sults  have 
recently  been  reported  by  Akimoto  et  al.  (5)  and 
latsumi  et  al.  [6|.  In  addition,  we  report  new 
results  of  buried  ordered  boron  layers  in  (UK))- 
oriented  silicon. 

Samples  were  prepared  in  a  molecular  beam 
epitaxy  chamber  equipped  with  an  electron  gun 
evaporator  to  deposit  silicon,  a  quartz-crvstal 
thickness  monitor,  and  a  Knudsen  cell  to  deposit 
boron  from  HBO,.  Oriented  (111)  and  (100)  Si 
substrates  were  prepared  by  chemical  growth  of  a 
thin  protective  oxide  layer,  and  then  transferred 
into  the  vacuum  chamber.  Once  in  the  vacuum 
chamber,  the  oxide  was  desorbed  from  the  sample 
and  boron  was  deposited  onto  the  surface  up  to  a 
coverage  of  between  zero  and  one  monolayer. 
After  c(xy|ing  t('  riK)m  temperature,  low  energy 


electron  diffraction  (LEED)  and  Auger  electron 
.spectroscopy  measurements  were  performed.  Fi¬ 
nally,  the  surface  was  capped  with  silicon  at  vari¬ 
ous  temperatures.  All  other  measurements,  includ¬ 
ing  grazing  incidence  X-ray  diffraction,  ion 
.scattering/channeling,  transmission  electron  mi¬ 
croscopy,  and  low  temperature  (7=4.2  K)  Hall 
effect  measurements  were  done  after  removing  the 
capped  samples  from  the  vacuum  system. 

Glancing  angle  X-ray  diffraction,  scanning  tun¬ 
neling  microscopy  and  first-principles  theoretical 
calculations  have  established  the  structure  of  the 
Si(  1 1 1 )-  B-  V  3  X  surface  as  boron  in  a  sub¬ 
surface  site,  arranged  in  a  /3  X  /3  configuration 
[3.7],  Fig.  1  shows  this  site  and  compared  it  to  the 
more  common  v^3  X  /3  configuration  (T^  site)  for 
Ga  and  other  adsorbates.  The  stability  of  boron  in 
the  subsurface  site  relative  to  the  T4  adatom  site  is 
related  to  relief  of  subsurface  strain  by  the  mecha- 
nl.sm  of  .substituting  a  smaller  boron  atom  for 
silicon  [3]. 

The  fact  that  this  ordered  structure  is  main¬ 
tained  upon  room  temperature  deposition  of  a-Si 
is  shown  in  fig.  2.  which  compares  the  glancing 
angle  X-ray  diffraction  of  both  the  Ga  and  B 
structures.  Retention  of  the  strong  third  order 
diffraction  intensity  in  the  boron  case  clearly  indi¬ 
cates  that  the  boron  retains  its  /3  x  y3  structure 
while  Cia  becomes  disordered.  Detailed  Auger 
measurements  show  that  the  Ga  surface  segregates 
during  Si  deposition  at  room  temperature,  while 


(8122-0248,  91 ,  V13. so  '  199J  t  iscvicr  Vicntc  Publisher-.  B,V  (Nrirlh-lhillaml) 


R.L.  Headnck  el  at.  /  Buried,  ordered  struetures:  boron  in  SilJJJ)  and  SlItIH)) 


839 


Si  (111)  ys  -  Go 

t 


Si  (lit)  8  73 


(0  Gcj  0  S,  ©  8 

["’]  f 

[i)i2l 

Fig.  1.  Model  of  the  Si(l  1 1  )-Ga-/3  structure  and  proposed 
structure  for  Si(ni)-B-v'3  (right).  .Arrows  indicate  the  direc¬ 
tion  of  displacements  from  the  ideal  tetrahedrally  bonded 
configuration. 

boron  remains  in  a  buried,  ordered  in  configura¬ 
tion.  Such  .segregation  behavior  is  con.sistent  with 
the  buried  site  for  boron  and  an  atop  site  for  Ga. 

desired  configuration  would  correspond  to 
epita.xial  Si  atop  the  ordered  boron  configuration. 


Fig.  y.  Dependence  of  ihe  {\\)  .'surface  \-ray  diffracii<>n  in¬ 
tegrated  intensity  as  a  function  of  annealing  temperature  for 
the  boron  y?  xy?  surface  structure  originalK  covered  with 
a-Si  (  -  lot)  A)  (filled  in  circles).  Also  shi'wn  is  the  temperature 
dependence  of  normal  incidence  channeling  for  the  Si  over¬ 
layer  indicating  complete  epitaxial  regrowth  at  **  500  °C. 
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Fig.  2  Rtx.kirg  scan  through  the  (  , ', » surface  X-rav  diffraction 
rtxl  for  buried  btiron  and  gallium  surface  structures  on  Si(  M I ). 


Two  possible  methods  of  achieving  this  structure 
are:  (1)  epitaxial  regrowth  of  the  amorphous  layer 
or  (2)  high  temperature  deposition  of  Si  for  epi¬ 
taxial  growth^  Neither  method  works  ideally  in  the 
Si(lll)-B-/3  X  V 3  case.  Fig.  3  shows  the  de¬ 
crease  of  the  v-^  X  v'3  intensity  vsith  regrovvth 
temperature.  Epitaxy  in  the  Si  overgrown  layer  is 
indicated  by  channeling  measurements  which  indi¬ 
cate  crystallization  with  increasing  temperature. 
The  X-ray  intensity  corresponding  to  the  v3 
structure  deteriorates  with  regrowth,  indicating  a 
di.sordering  of  the  boron  structure  as  epitaxial 
regrow  th  cKcurs.  High  temperature  (  -  350  °0  de¬ 
position  of  Si  also  results  in  boron  disordering  and 
surface  segregation,  indicating  that  the  metastable 
structure  assiKiated  with  the  ordered,  fi-layer  is 
not  stable  at  Si  epitaxy  temperatures.  .X  separate 
series  of  measurements  indicated  that  the  lowest 
temperature  for  Sit  1 1 1 )  epitaxy  is  -  400  °C.  how¬ 
ever  even  at  this  l(>w  temperature  .some  boron 
disordering  occurs. 
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Fig.  4.  Ball  and  slick  mixlels  for  the  film  orientation  and 
interface  structure  for  0  (left)  and  0.33  ML  (nght)  boron 
coserages.  The  c3  x  v?  reconstruction  of  the  interface  is  intrrv 
duced  because  boron  occupies  suhstilutuinal  sites,  occupying 
esery  third  site  in  a  single  monolayer  at  the  interface. 

An  iniere.sling  phenomenon  is  observed  for  Si 
epitaxial  growth  on  the  B-v3  structure  at  low 
temperatures.  Evidently  the  initial  layers  of  Si 
epitaxial  growth  are  strongly  influenced  by  the 
Si  B  interaction,  giving  rise  to  a  180°  rotated 
configuration  of  the  grown  layer  of  Si  (fig.  4).  The 
existence  of  this  layer  is  most  strikingly  demon- 


PERPENDiCUcAR  MOMENTUM  TRANSFER 

f  ig  \  (10)  .(HKcjn  for  ;i  ^"'O  A  rolated  Si  film  on  ShIII).  A 
four-circle  dtffraciomclcr  and  C  uKa  radiation  vvas  used  for 
the  measurement.  The  diffraciiim  profiles  are  indexed  relative 
tt'  a  hexagonal  unit  cell  apprtipriate  for  the  Sit  I  U )  surface 
with  m-plane  lattice  parameters  t/ X4  A  and  oui-<»f- 
plane  lattice  parameter  <  =^.4l  ,A.  The  hexagonal  indices  are 
derived  frt*m  cubic  indices  hv  (10/1^,,,  ^ 

Rotated  refleclMms  are  indexed  b\  replacing  /  bv  /  Struc¬ 
ture  factors  at  /  were  obtained  bv  the  svmmeirv  relation 
|]0/j  '  (01/j  The  dashed  line  is  the  calculated  intensitv  from  a 
■'bulk-likc”  structure,  the  full  line  is  fi>r  a  .^^0  A  rotated  film 
atop  a  bulk  crvstal 


strated  in  fig.  5  which  shows  glancing  X-ray  dif¬ 
fraction  intensity  from  a  350  A  Si  layer  grown  at 
'400°C  on  Si(lll)-B-v^  at  and  then  further 
annealed. 

The  X-ray  crystal  truncation  rod  method  using 
integer  h  and  k  but  continuous  /.  originally  devel¬ 
oped  for  determination  of  surface  structures,  is 
used  to  identify  this  thin  film  structure.  A  total  of 
66  data  points  in  the  form  of  structure  factors 
fkk  (1)  were  obtained  by  numerical  integration  of 
rocking  curves  and  corrected  for  the  Lorentz  fac¬ 
tor  (sin  2^)  and  active  area  (sin  26).  We  com¬ 
pared  (10/)  crystal  truncation  rod  data  for  a  350  A 
silicon  film  grown  at  400  °C  and  annealed  at 
1000  °C  for  2  h  to  structure  factors  calculated  in 
the  kinematic  approximation  (fig.  5).  The  film  is 
rotated  180°  with  respect  to  the  substrate  about 
the  normal  (111)  axis,  forming  a  single  twin  at  the 
interface.  The  dashed  line  is  the  square  of  TJ/). 
the  structure  factor  for  the  semi-infinite 

silicon  substrate  with  double-layer  termination. 
There  are  three  prominent  peaks  that  do  not  cor¬ 
respond  to  the  substrate.  The  new  peaks  are 
accounted  for  by  adding  the  350  .A  thick  rotated 
film  into  the  calculated  structure  factor.  The  solid 
line  shows  the  results  of  a  calculation  with  a  233 
mimolayer.  rotated  layer.  The  optimum  interface 
separation  was  d  =  2.35  ±  0.09  A,  i.e.  the  same  as 
the  bull  layer  spacing.  This  shows  that  the  simple 
twin  s  mg  sequence  is  the  correct  interface 
structure.  Transmission  electron  microscopy  con¬ 
firms  this  assignment  showing  that  the  layer  is  at 
least  90^  crystallographically  pure  [8], 

We  have  recently  reported  a  new  boron-in¬ 
duced  (2x1)  surface  reconstruction  at  1/2  mono- 
layer  boron  coverage  on  (KX))  oriented  silicon  [9). 
To  our  know  ledge  this  reconstruction  has  ni>t  been 
reported  previously,  presumably  because  of  the 
difficulty  in  distinguishing  the  Si(  l(K))-(2  x  1 )  clean 
surface  from  the  (2  x  1)  bort'n  structure.  In  sharp 
contrast  to  the  results  on  ( 1 1 1  )-oriented  silicon 
discussed  above,  we  find  that  this  reconstruction 
can  he  preserved  within  high-quality,  crysialltnf 
silicon  by  low-icmperaturc  epitaxial  overgrowth  at 
=  3(X)°C'.  Tor  boron  ctnerages  at  and  below  the 
completion  of  the  (2x1)  surface  phase  and  silicon 
overlayer  growth  temperatures  of  300  °C'  and 
above.  lOOT  of  (he  boron  is  eleciricallv  active. 
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Fig.  6  shows  grazing  incidence  X-ray  diffrac¬ 
tion  azimuthal  scans  through  (|0)  surface  reflec¬ 
tions  for  two  ordered  interfaces.  The  open  squares 
are  for  a  100  A  cap  grown  at  room  temperature, 
and  the  filled  circles  are  for  a  100  A  cap  grown  at 
300  °C.  The  boron  coverage  is  1/2  monolayer  in 
both  cases.  Comparison  of  the  data  demonstrates 
that  the  reconstruction  capped  at  30  °C  gives  a 
factor  of  two  smaller  integrated  intensity  in  the 
diffraction  signal  than  the  reconstruction  capped 
at  room  temperature.  Boron  segregation  studies 
using  Auger  electron  spectroscopy  for  films  grown 
at  300  °C  reveal  a  broadening  of  the  ideal  mono- 
layer  distribution  by  5  A.  This  is  consistent 
with  the  observation  that  =  50"?  of  the  boron 
remains  in  the  ordered  layer. 

Cross-sectional  transmission  electron  micro.s- 
copy  and  ion  channeling  studies  show  that  the  100 
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Fig.  6.  Comparison  of  grazing  incidence  X-ray  diffraction 
azimuthal  .scans  through  the  ( ;0)  diffraction  spot  for  SillOOH- 
X  1 )  boron  buned  structures  capped  by  growth  at  room  tem¬ 
perature.  and  at  =.1()0‘’C.  The  boron  coverage  was  1/2 
monolayer  in  both  cases  and  the  silicon  growth  rate  was  0.1 
A/s.  The  inset  shows  a  proposed  mtxiel  of  the  (2x1)  structure. 


Table  1 

4.2  K  Hall  effect  results  for  Si(  1 1 1 )  a-Si  interface  reconstructions 


Recon.siruciion 

a-Si  thickntws 

(A) 

Anneal 

<^C) 

Boron  coverage  ( 10''' cm  ’ 

)  Carrier  density 

Mobility 
(cm“  V  " ' s  ‘  ‘ ) 

Initial 

Final 

SIMS 

NRA 

■  (10'-' cm  -) 

KX) 

90 

.74 

3.5 

2.2 

76.6 

V.l 

vT 

60 

90 

2.6 

2.7 

1.7 

.70.5 

V.’ 

v.’ 

.SO 

7  1 

3.4 

1.8 

25.9 

v.’ 

-ID 

100 

700 

7  4 

3.5 

3.2 

47.9 

v-1 

Oxide 

0 

90 

7.1 

7  4 

0 

- 

V.’ 

.ID 

60 

MX) 

2.6 

2.7 

2.4 

71  9 

*'  X  7 

1^1 

SO 

90 

0.1 

- 

0 

- 

Table  2 

Fi'm 

ihicknes.s 

(A) 

f 

'  (irxwih 

(“O 

(  ^*0 

Anneal 

lime 

(mm) 

Boron 

coverage 

(ML) 

Carrier 

densitv 

(ML) 

Mohilitv 
(cm‘  V  *  X  ’ ) 

100 

.700 

90 

20 

044 

0.45 

21 

100 

.70 

90 

20 

0..50 

0.24 

1 

KXI 

.70 

911 

20 

0.50 

11  ]  A 

HX) 

.«) 

90  *' 

»  .7000 

0.47 

0.12 

19 

KX) 

.70 

400 

I 

0  11 

0.07 

14 

100 

.70 

4(X) 

1 

0.31 

O.IH 

21 

100 

.70 

400 

1 

0.51 

0.72 

16 

100 

.V) 

400 

1 

0.87 

0.77 

18 

100 

70 

400 

60 

0,50 

0.75 

17 

"  Boiled  in  distilled  water. 
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A  thick  films  grown  at  300  °C  are  high  quality 
crystalline  silicon  indistinguishable  from  bulk 
silicon,  while  room  temperature  growth  results  in 
an  amorphous  layer.  Channeling  measurements 
(in  (100)  normal  incidence  and  (111)  off-normal 
incidence)  using  the  "B(p,  a)“Be  nuclear  reaction 
to  detect  boron,  show  a  reduced  yield  compared  to 
random  incidence  after  silicon  overgrowth  at 
300  °C,  indicating  that  boron  occupies  a  substitu¬ 
tional  site  buried  within  crystalline  material. 

We  now  discuss  the  electrical  activity  of  boron 
doped  silicon  structures  prepared  via  the  (2X1) 
and  (/3  x/3)  reconstruction.  Tables  1  and  2 
gives  carrier  densities  and  mobilities  from  low 
temperature  (T  =  4.2  K)  Hall  effect  measurements 
for  silicon  overlayers  grown  at  30  and  300  ®C,  and 
annealed  at  various  temperatures.  There  was  no 
carrier  freeze-out  and  no  significant  magnetoresis¬ 
tance  for  any  of  the  samples  measured.  Units  of 
monolayers  are  used  for  clarity,  where  one  mono- 
layer  is  defined  as  6.8  x  10''' cm'-  for  Si(lOO)  and 
7.8  X  10'''  cm  ■  for  Si(lll).  The  optimum  condi¬ 
tions  for  producing  electrically  active  ordered  dop¬ 
ing  layers  in  epita.xial  .silicon  (100)  are  a  boron 
coverage  of  1/2  monolayer  and  a  silicon  growth 
temperature  of  300  °C.  Under  these  conditions 
lOO?  electrical  activity  and  a  mobility  of  21  cm’ 
V  's'  are  obtained.  This  mobility  is  comparable 
to  that  obtained  for  very  high  boron  concentra¬ 
tions  in  bulk  silicon  [10]. 

Conclusion.s:  We  have  shown  that  two-dimen¬ 
sional  ordered  layers  or  boron  can  be  preserved  at 


the  Si(lll)  and  Si(lOO)  surfaces.  In  the  Si(lOO) 
case  epitaxial  Si  can  be  grown  atop  the  ordered 
structure.  All  systems  show  a  high  p-type  electrical 
activity,  between  50%  and  100%  electrically  active. 
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Redistribution  of  delta-doped  Sb  in  Si 

S.J.  Fukatsu,  S.  Kubo,  Y.  Shiraki  and  R.  Ito 

Research  Center  for  Aciranced  Science  and  Technolog\\  The  Unirer.sity  of  Tokyo.  4-6-1  Komaha.  Me%un>-ku,  Tokyo  Japan 


Redistribution  of  delta-doped  Sb  in  Si  with  vanous  areal  concentrations  upon  post-grow  th  annealing  was  insesligated  by  means 
of  secondary  ion  mass  spectrometry  (SIMS).  The  diffusion  profiles  are  dependent  on  the  initial  doping  density  and  non-Gaussian 
profiles  were  obtained  except  for  the  lowest-doped  sample.  The  doped  layers  are  stable  up  to  550 °C.  regardless  of  the  doping 
den.sity.  For  treatment  at  temperatures  higher  than  700°C.  the  upper  limit  of  the  doping  density  was  found  to  be  set  at  0.01 
monolayer  (ML).  It  was  also  found  that  there  is  no  crystalline  quality  difference  affecting  the  diffusion  of  Sb  between  the 
recrystalhzed  and  the  MBE-grown  layers. 


1.  Introduction 

There  has  been  a  growing  demand  for  defining 
sharp  interfaces  between  the  regions  of  different 
doping  levels  to  an  atomic  scale.  Delta-doping 
provides  the  way  to  confine  dopants  to  within  a 
single  atomic  plane.  In  such  systems,  even  .small 
spreading  of  atoms  out  of  the  initial  location 
affects  the  desired  properties.  A  thermal  stability 
study  is  of  primary  significance,  since  the  delta- 
doped  structures  often  encounter  high  tempera¬ 
ture  environments  during  their  growth  and 
prtK-essing.  Aside  from  the  study  of  the  effect  of 
growth  temperatures  on  the  redistribution  of  the 
delta-doped  layers  in  Si  [I],  we  conducted  a  sys¬ 
tematic  investigation  of  profile  changes  during  the 
course  of  post-growth  annealing. 

In  this  paper,  we  report  on  the  diffusion  mea¬ 
surements  on  the  delta-doped  Sb  in  Si  with  vary¬ 
ing  areal  concentrations.  We  demonstrate  the 
evolution  of  unu.sual  diffusion  profiles  which  are 
characteristic  to  the  delta-doped  impurities.  The 
structural  stability  of  delta-doped  layers  is  dis¬ 
cussed.  where  we  set  the  upper  limit  on  the  doping 
level  for  practical  u.se. 

2.  Experimental 

The  samples  used  in  this  study  were  grown  on 
Si(lOO)  substrates  in  Si  molecular  beam  epitaxy 


Table  1 

Sample  characteristics 


Sample 

Doping 

density 

(ML) 

Peak  Sb 
concentration 
(cm  ') 

Overlayer 

thickness 

Inm) 

Cirowth 

mode  of 
buffer  layer 

a 

0.0023 

1.8x10'’ 

80 

MBE 

b 

0.03 

2..S  X  lO"* 

80 

MBE 

c 

0.06 

4..Sxl()"‘ 

80 

MBE 

d 

0.11 

1.3x10''' 

120 

.MBE 

e 

0.14 

1,5x10''' 

120 

SPE 

f 

1.0 

1.2x10-" 

80 

MBE 

1  ML  =  6.7XxlO''‘cm  ^ 
As  determined  from  SIMS. 


(MBE)  systems  [2].  Sample  characteristics  are 
listed  in  table  1.  The  required  amount  of  Sb  was 
deposited  at  around  100° C.  The  capping  layers 
were  grown  at  550  °  C  by  solid  phase  epitaxy  (SPE' 
The  details  of  the  .sample  preparation  were  pre¬ 
sented  elsewhere  [2].  The  samples  were  furnace- 
annealed  at  temperatures  T,  of  550  °C  up  to 
950°C  for  60  min.  in  a  flowing  94-6  N.  :H; 
ambient. 


3.  Results 

Fig.  1  shows  the  atomic  distributions  of  Sb  in 
sample  c  with  a  moderate  Sb  concentration.  The 
full  width  at  half  maximum  (FWHM)  of  the  as- 
grown  profile  is  comparable  to  the  resolution  limit 
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Pig.  1,  SIMS  profiles  of  Sb  after  isochronal  annealing  in 
sample  c  (0.06  MLl.  Anneal  temperature  is  shown  at  the  foot 
of  the  individual  profile.  Kink  develops  at  around  710  °C. 
Segregation  at  the  SiO;  /Si  interface  is  seen  in  the  uppermost 
profile. 


Depth  (  nm  ) 


Fig.  2.  Diffusion  profiles  of  Sb  in  sample  f  (1.0  ML).  The  kink 
appears  at  750  <  T,  <  800°C.  The  remnant  of  the  doping 
spike.  20  nm  in  width,  is  still  observed  at  950  “C.  Shoulder 
shapes  are  obliterated  by  and  superposed  on  the  segregation 
profile  at  the  surface  side  of  the  spike. 


I 

I 

I 


of  the  profiling.  Above  650  °C.  significant  spread¬ 
ing  was  observed  and  a  pronounced  kink  was 
developed.  The  profile  is  a  superposition  of  two 
components,  one  pinned  at  the  original  spike  while 
the  other  (shoulders)  extended  into  the  neighbor¬ 
ing  regions.  Concomitantly,  preferential  move¬ 
ment  of  Sb  atoms  toward  the  surface  sets  in, 
leading  to  their  pile-up  at  the  SiOi/Si  interface. 
The  situation  is  more  pronounced  in  the  profile  at 
r,  =  950  °C.  Profile  changes  in  samples  b.  d  and  e 
are  qualitatively  the  same,  although  the  kink  de¬ 
veloping  temperatures  are  slightly  different.  On 
the  other  hand,  the  spike  persists  even  at  950 ®C 
with  a  20  nm  wide  peak  in  sample  f  with  1  ML  Sb 
(fig.  2).  The  lowest-doped  sample  a.  in  contrast, 
shows  only  small  spreading  at  the  spike,  followed 
by  surface  segregation  at  temperatures  of  up  to 
950  °C,  as  shown  in  fig.  3. 


Depth  (  nm  ) 

Fig.  3.  Diffusion  profiles  of  Sb  in  sample  a  (0.0023  ML).  Kink 
development  is  not  observed. 
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10’^  lO”  10'®  10'® 

Sb  concentration  (  cm-3  ) 

Fig.  4.  Calculated  diffusiviiy  of  Sb  as  a  function  of  Sb  con¬ 
centration  at  various  temperatures.  Note  that  the  bulk  diffusiv- 
ity  at  any  specific  temperature  is  much  smaller  than  the 
calculation.  The  kink  concentration  (indicated  by  the  broken 
curve)  is  an  order  of  magnitude  smaller  than  the  solid  solubil¬ 
ity  limit. 


We  evaluated  the  net  diffusivity  D  of  Sb  atoms 
according  to  the  Boltzmann-Matano  analysis  [3]: 

XCjX.,) 

^  ’  2t  3C(X,  t)/dt' 

where  X  denotes  the  distance  from  the  spike,  t  the 
time  and  C  ‘.he  concentration.  Figure  4  shows  the 
diffusivity  calculated  from  the  profile  at  the  surface 
side  of  the  spike  in  sample  d  against  the  Sb 
concentration,  /i(Sb).  The  calculation  gives  values 
larger  than  the  bulk  diffusivity  [4]  and  concentra¬ 
tion  dependence  appears  over  /i(Sb)  =  5  X  10'^ 
cm  The  kink  concentration  (indicated  by  the 
broken  curve)  is  weakly  temperature  dependent 
and  is  by  an  order  of  magnitude  lower  than  the 
solid  solubility  limit  of  Sb  in  Si  (5].  The  uprise 
approximately  follows  a  curve  with  a  fractional 
exponent  as  n(Sb)'^\  for  710  <  <  850°C,  in 

contrast  to  the  result  on  Be  and  Zn  in  GaAs  with 
integral  concentration  exponents  [4], 

The  activation  energy  was  evaluated  from  the 
temperature  dependence  of  the  profile  width,  and 
two  activation  energies  of  0.4-0,6  and  0,8  eV  were 
obtained  for  Sb  atoms  pinned  at  the  spike  and  for 
those  extended,  respectively.  It  should  be  pointed 
out  that  they  are  much  smaller  than  that  in  the 
bulk,  4  eV  [5]. 


4.  Discussion 

The  diffusion  mechanism  seems  complicated 
and  the  diffusivity  is  not  described  by  a  simple 
representation.  The  smaller  activation  energy  for 
the  less  mobile  Sb’s  suggests  that  interstitial-re¬ 
lated  and  vacancy  mechanisms  operate  for  Sb’s  at 
the  spike  and  at  the  shoulders,  respectively.  In 
addition,  the  fractional  exponent  indicates  that 
the  atomic  spacing  of  Sb  plays  a  role  for  the  kink 
to  develop.  The  kink  may  arise  from  the  dopant 
aggregate  or  the  two-stream  diffusion  [4).  The 
former  can  be  applied  to  sample  f  [6],  but  a  Hall 
measurement  excludes  the  possibility  of  aggrega¬ 
tion  in  samples  with  lower  concentrations  [2].  De¬ 
tailed  electrical  measurements  on  the  activity  of 
Sb  atoms  are  now  under  way.  The  aggregate  is 
again  unlikely  since  the  kink  concentration  is  much 
lower  than  the  solid  solubility  limit.  The  two- 
stream  diffusion  model  requires  that  two  almost 
independent  diffusion  mechanisms  with  different 
diffusivities  operate,  and  the  slower  of  them  must 
be  the  majority.  This,  alternatively,  means  that  the 
matrix  should  have  many  defects.  A  prominent 
example  is  seen  in  an  ion-implanted  B  in  Si  [4]. 
But  the  requisite  condition  is  not  fully  .satisfied  in 
the  samples  studied,  since  they  are  not  so  much 
defective.  Although  we  considered  other  possibili¬ 
ties.  such  as  the  substitutional-interstitial  mecha¬ 
nism  or  pair  diffusion,  none  of  them  satisfactorily 
explains  the  observation.  In  order  to  give  a  full 
account  for  the  diffusion  behavior,  a  new  mecha¬ 
nism  related  to  the  strain  modulation,  due  to 
atomic  size  difference  between  Sb  and  Si,  should 
be  taken  into  account.  Further  study  is  now  in 
progress. 

Next,  we  discuss  the  structural  stability  of  the 
doped  layers.  Diffusion  profiles  at  =  550  °C  in 
all  samples  exhibited  negligible  spreading  within 
the  measurement  resolution.  It  is  thus  concluded 
that  the  structural  integrity  is  maintained  up  to 
the  SPE  growth  temperature  (550 ‘’C)  regardless 
of  the  initial  doping  density.  On  the  other  hand, 
we  note  small  spreading  in  the  lowest-doped  sam¬ 
ple  for  700  <  T^<  850  °  C,  compared  to  the  com¬ 
plex  and  significant  broadening  of  the  profiles  in 
samples  with  higher  doping  densities.  This,  in 
turn,  sets  the  upper  limit  on  the  doping  level  at  as 
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high  as  0.01  ML  for  device  applications  requiring 
high-temperature  treatment. 

Finally,  the  effect  on  the  diffusion  of  the  crys¬ 
talline  quality  difference  was  examined.  Slijker- 
man  et  al.  attributed  the  diffusion  enhancement  to 
the  abundance  of  defects  in  SPE  layers  with  re¬ 
spect  to  MBE  layers  [7].  In  order  to  see  this  more 
closely,  we  also  examined  sample  e  with  an  SPE 
buffer  layer.  The  result  is  that  there  was  no  signifi¬ 
cant  difference  affecting  the  diffusion  behavior 
between  SPE  and  MBE  layers.  Thus  the  enhance¬ 
ment  at  the  surface  side  must  be  driven  in  other¬ 
wise,  possibly  by  surface  oxide  layers  or  field  drift 
due  to  ionized  donors  [8]. 


5.  Conclusion 

Delta-doped  Sb  in  Si  exhibits  characteristic  dif¬ 
fusion  profiles  depending  on  the  initial  doping 
density  and  the  annealing  temperature.  The  diffu¬ 
sion  mechanism  involves  two  dominant  processes 
with  small  activation  energies  and  concentration- 
dependent  diffusivity.  The  doped  structure  is  sta¬ 
ble  up  to  550 °C.  The  asymmetrical  diffusion  en¬ 
hancement  of  Sb  is  not  due  to  cry.stalline  quality 
difference  between  SPE-grown  and  MBE-grown 
layers. 
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We  have  conducted  the  first  studies  of  dopant  incorporation  (gallium,  boron,  and  antimony)  in  MBE  germanium  grown  on 
Ge(l(X3)  substrates.  Excellent  germanium  films  have  been  grown  on  Ge  substrates  with  little  demarcation  of  the  substrate-epi 
interface.  A  first  order  kinetic  incorporation  model  has  been  used  to  describe  the  behavior  of  gallium  in  germanium.  Gallium  doping 
of  germanium  takes  place  through  an  adlayer  at  the  growth  front  and  between  growth  temperatures  of  450  and  550  °C  successful 
p-doping  of  germanium  by  gallium  can  be  accomplished.  Boron  is  an  excellent  p-dopant  in  germanium  with  good  activation  at  high 
concentrations  and  sharp  transition  profiles.  The  incorporation  of  antimony  in  germanium  at  growth  temperatures  a  450  “C  is  poor 
and  needs  further  investigation. 


1.  Introduction 

There  is  renewed  interest  in  germanium-based 
devices  for  FET  and  bipolar  applications.  High 
carrier  mobilities  at  room  temperature  and  77  K, 
superior  projected  high  frequency  performance, 
and  the  possibility  of  a  wide  bandgap  silicon 
emitter  are  some  of  the  advantages  of  a 
germanium-based  technology. 

There  have  been  several  studies  describing 
growth  of  Ge  on  GaAs  or  vice  versa  by  MBE 
(1-3).  Attempts  to  grow  gallium-doped  germanium 
layers  on  GaAs  have  been  quite  unsuccessful,  with 
poor  dopant  activation  [3].  In  this  paper  we  report 
the  first  studies  of  both  p-type  (gallium-  and 
boron-doped)  and  n-type  (antimony-doped)  dop¬ 
ing  in  MBE  germanium  grown  on  Ge(100)  sub¬ 
strates. 


2.  Substrate  preparation  and  growth  conditions 

Ge(100)  substrates  were  cleaned  using  a  mod¬ 
ified  RCA  clean  suitable  for  germanium.  The  first 
step  consisted  of  a  degrease  in  a  1 : 1 ;  4  solution  of 
HCI ;  HjOj :  HjO  at  room  temperature  for  3  min 
followed  by  a  rinse  in  de-ionized  water.  The  Ge 


wafers  were  then  etched  in  HjOj  for  3  min  while 
stirring  continuously,  and  then  rinsed  in  de-ionized 
water.  This  was  followed  by  a  quick  dip  in  1:10 
HF :  HjO  for  10  s  which  leaves  the  wafer  surface 
hydrophobic  and  then  loaded  into  the  MBE  sys¬ 
tem.  The  wafers  were  heated  at  650  "C  for  1-2 
min  in  the  MBE  growth  system  just  prior  to 
growth.  It  is  important  to  keep  this  step  short, 
since  long  term  heating  of  Ge  wafers  at  high 
temperatures  before  growth  results  in  a  rough, 
undulating  substrate  (see  fig.  1).  Fig.  1  shows  a 
cross-sectional  TEM  of  a  boron-doped  Ge  film 
grown  at  450  °C  on  such  a  Ge  substrate  and 
subsequent  growth  on  this  rough  Ge  substrate  is 
seen  to  cover  the  rough  substrate-epi  interface. 
Also,  germanium  films  grown  at  high  ( >  650  °  C) 
temperatures  exhibit  poor  morphology.  Fig.  2 
shows  a  cross-sectional  TEM  of  a  boron-doped  Ge 
film  grown  at  450  °C  on  a  Ge  substrate  cleaned 
using  the  procedure  described  above.  The  sub¬ 
strate-epi  interface  is  significantly  better  than  in 
fig.  1.  The  excellent  quality  of  the  epitaxial 
boron-doped  Ge  layer  is  also  evident  in  fig.  2. 
Germanium  films  grown  at  temperatures  between 
350-550  “  C  on  Ge  substrates  consistently  resulted 
in  excellent  epitaxial  layers. 

In  order  to  study  the  incorporation  of  p  and  n 
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Fig.  1.  Cross-sectional  TEM  micrograph  of  a  boron-doped  Ge  film  grown  on  a  Ge  substrate  at  450  “C.  Prior  to  growth,  the  Ge 
substrate  was  taken  to  elevated  temperatures  (  >  650  “C),  which  results  in  a  rough,  undulating,  substrate-epi  interface. 


dopants  in  MBE  grown  germanium,  effusion  cell 
sources  were  used  for  antimony  and  gallium,  and 
boron  doping  was  achieved  with  a  custom  e-beam 
source.  The  Ge  layers  were  analyzed  using  SIMS, 
spreading  resistance  analysis  (SRA),  and  planar 
and  cross-sectional  TEM.  The  spreading  resistance 
profiles  were  primarily  used  to  determine  dopant 
activation  only,  since  the  transition  between  doped 


and  undoped  layers  in  spreading  resistance  pro¬ 
files  are  often  inaccurate  particularly  when  the 
layer  thicknesses  are  less  than  0.5  fim.  Absolute 
values  of  carrier  concentration  in  the  SRA  profiles 
are  within  +20%.  A  kinetic  model  for  dopant 
incorporation  was  used  to  analyze  the  observed 
doping  behavior  in  germanium,  and  this  is  de¬ 
scribed  in  the  next  section. 


Fig.  2.  Cross-sccti<nial  TEM  micrograph  of  a  boron-doped  Ge  film  grown  on  a  Ge  substrate  at  4S0°C.  Prior  to  growth  the  Ge 
substrate  was  cleaned  using  a  modified  RCA  clean  suitable  for  germanium  and  the  improved  substrate-epi  interface  (compared  to 

fig-  1)  is  evident. 
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3  Model  for  dopant  incorporation 

The  kinetics  of  spontaneous  dopant  incorpora¬ 
tion  during  epitaxial  germanium  growth  by  MBE 
can  be  described  by  a  simple  adsorption- incorpo¬ 
ration-desorption  model  [4].  In  the  most  general 
form  this  is 

d^os/dt  =  NosV  -  -f^.^DS-  (1) 

p 

where  is  the  surface  concentration  of  the 
adsorbed  dopant  species  at  the  growth  front, 
is  the  dopant  flux,  Kjy  is  the  desorption  coeffi¬ 
cient,  p  is  the  order  of  desorption,  and  /f,  is  the 
incorporation  coefficient.  The  incorporation  and 
desorption  processes  are  activated  processes  with 
characteristic  energies  associated  with  them.  Eq. 
(1)  can  be  solved  once  a  value  for  p  is  chosen. 

The  case  p  =  1  is  the  most  relevant  and  has 
been  used  to  describe  dopant  incorporation  in 
silicon  [4].  Eq.  (1)  then  reduces  to 

d.V„,/d/=E„-/f„A',„-/f,N„,.  (2) 

Analyzing  eq.  (2)  in  the  steady  state,  i.e.,  with 
dA'„,j/dt  =  0.  we  get 

=  +  K,).  (3) 


Let  us  now  consider  a  clean  host  surface  and 


apply  a  step  flux,  F^\  i.e.,  at  r  <  0,  Fd  =  0  and  at 
r  >  0,  Fjj  =  Fp.  We  then  have 

~  ~  ( ^1  ■*"  ^d)^ds’  (8a) 

(8b) 

The  time  constant  of  importance  here,  t,  is  given 
by 

r  =  (K,  +  Kn)-'.  (9) 


and  is  the  characteristic  dopant  incorporation  time. 
When  the  Ge-dopant  system  is  subjected  to  a 
sudden  change  of  flux,  the  system  approaches  its 
new  steady  state  in  an  exponential  manner  in 
time.  The  initial  rate  of  approach  is  given  by  1/t. 

Since  the  incorporation  rate  follows  the  surface 
concentration  behavior,  the  bulk  doping  con¬ 
centration  as  a  function  of  time  is 

^db(0  =  I  -  exp[  -  ( F,  +  A'd)/]  } . 

(10) 

If  the  growth  rate  is  constant  the  temporal  varia¬ 
tion  is  easily  transformed  to  a  spatial  variation  by 


Once  steady  state  has  been  reached,  the  number  of 
incident  atoms  per  second  is  equal  to  the  sum  of 
those  that  desorb  and  incorporate  per  second. 
Hence,  the  rate  of  incorporation  is  given  by 

=  F„/(A„  + A,).  (4) 


The  rate  of  the  number  of  atoms  that  incorporate 
to  those  that  are  incident,  on  a  per  unit  time  basis 
in  steady  state,  is  the  sticking  coefficient,  s.  Thus 


d^,n../d/  A, 

"  Fu  K,  +  A„  • 


(5) 


The  resultant  steady  state  bulk  doping  con¬ 
centration  in  the  epitaxial  Ge  film  is  given  by 


Fc. 


(6) 


where  A),  is  the  number  of  germanium  atoms  per 
cm’.  Simplifying  eq.  (6),  we  get 

^,B  =  -'(^»/^ac)^o-  (7) 


.v  =  r/.  (11) 

where  x  is  the  coordinate  of  film  thickness  and  v 
the  velocity  of  growth.  This  velocity  is  given  by 

f  =  (12) 

Hence, 

(13) 

In  the  above  transient  analysis  we  have  assumed 
that  A,  and  A^,  are  constants,  which  means  that 
the  temperature  is  constant  and  there  are  no 
saturation  effects.  The  quantity  [( A,  +  Ap  )A]  ' 
=  X  is  the  spatial  counterpart  of  t.  It  represents 
the  thickness  of  film  over  which  variations  in 
doping  density  occur  in  response  to  sudden 
changes  in  doping  flux.  Further,  both  t  and  X 
become  smaller  as  the  temperature  of  growth  is 
increased. 


^nnix)  =  1  -  exp 
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The  dopant  and  germanium  Huxes  are  de¬ 
termined  from  growth  rates  and  effusion  cell 
calibration.  The  characteristic  dopant  incorpora¬ 
tion  time,  T,  can  be  determined  from  the  slope  of 
the  trailing/leading  edge  of  the  dopant  profile  in 
the  epitaxial  Ge  layer  and  from  eqs.  (7)  and  (13). 
Using  eqs.  (3)  and  (9),  we  can  determine  the 
surface  concentration  of  the  adsorbed  dopant 
species,  The  incorporation  coefficient,  K^, 

can  then  be  determined  from  eqs.  (3),  (7),  and  (9). 
Since  t  is  known,  we  can  now  compute  the  de¬ 
sorption  coefficient,  K^,  and  the  sticking  coeffi¬ 
cient,  s.  This  model  is  now  applied  to  study  gal¬ 
lium  incorporation  in  germanium. 

4.  Gallium  doping  of  germanium 

The  gallium  K-cell  was  calibrated  by  growing 
amorphous  Si  films  at  250  °  C  and  a  wide  range  of 
gallium  flux  from  lO'^-lO'-'  atoms/cm’ -s  have 
been  examined  in  these  experiments.  Gallium  does 


not  readily  incorporate  in  germanium  and  instead 
doping  takes  place  through  the  formation  of  an 
adlayer  at  the  growth  front.  Fig.  3a  shows  the 
SIMS  profile  of  a  4000  A  Ga  doped  Ge  layer 
grown  on  a  1000  A  undoped  Ge  buffer  with  a 
1000  A  undoped  Ge  cap  at  550  °C.  The  transition 
between  the  doped  and  undoped  layers  on  the 
leading  and  trailing  edges  of  the  Ga  doped  film  is 
gradual  clearly  indicating  incorporation  from  an 
adlayer  at  the  growing  surface.  Fig.  3b,  which 
shows  a  spreading  resistance  profile  of  the  same 
layers  seen  in  fig.  3a,  indicates  about  22%  gallium 
activation  in  the  doped  germanium  layer.  Also 
seen  is  some  gallium  segregation  at  the  Ge  sub- 
strate-epi  interface  and  fig.  3b  shows  this  gallium 
at  the  interface  to  be  active.  In  addition  to  thick 
Ga  doped  Ge  films,  1000  A  Ga  doped  Ge  films 
separated  by  1000  A  undoped  layers  were  grown 
at  different  growth  temperatures  between  350  °C 
and  550  °C  at  different  Ga  fluxes.  Fig.  4a  shows 
the  SIMS  profile  of  such  a  film  with  a  total 
thickness  of  I.l  /im  and  grown  at  550°C.  A 


Fig.  3.  (a)  SIMS  profile  of  a  4000  A  Ga-doped  Ga  layer  grown  on  a  1000  A  undoped  Ge  buffer  with  a  1000  A  undoped  Ge  cap  at 
550  ^C.  The  transition  between  the  doped  and  undoped  layers  on  the  leading  and  trailing  edges  of  the  Ge-doped  film  is  gradual, 
indicating  incorporation  from  an  adlayer  at  the  growing  surface,  (b)  Spreading  resistance  (SRA)  profile  of  the  same  sample  as  in  (a). 
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DEPTH  (p.m'S  DEPTH  Ifim) 

Fig.  4,  (a)  SIMS  profile  of  1000  A  Ga-doped  Ge  films  separated  by  1000  A  undoped  layers  grown  at  SSO'C  at  different  Ga  fluxes. 
The  total  film  thickness  is  1. 1  pm.  (b)  Spreading  resistance  profile  of  the  .same  film  as  seen  in  (a). 


spreading  resistance  profile  of  the  same  film  is 
seen  in  fig.  4b.  Ga  doped  Ge  layers  similar  to  the 
ones  shown  in  figs.  3  and  4  were  grown  at  differ¬ 
ent  temperatures  and  their  SIMS  and  SRA  pro¬ 
files  were  analyzed  using  the  model  described  in 
the  previous  section. 

The  characteristic  dopant  incorporation  time. 
T,  for  a  growth  temperature  of  450  °C  was  150-250 
s  and  at  550  °C,  t  was  50-100  s.  Fig.  5  shows  the 
incorporation  coefficient.  AT,,  for  two  different 
growth  temperatures  as  a  function  of  surface  gal¬ 
lium  concentration.  N^g.  The  incorporation  coef¬ 
ficient  is  constant  with  increasing  surface  coverage 
indicating  that  an  increase  in  surface  gallium  con¬ 
centration  translates  directly  into  higher  incorpo¬ 
ration  in  the  bulk  layer  (see  eqs.  (5)  and  (7)).  In 
addition,  fig.  5  shows  that  no  saturation  effects  (as 
indicated  by  a  decreasing  K^)  are  observed  for 
surface  coverages  up  to  0.5- 1.0  ml.  The  incorpora¬ 
tion  coefficient  also  increases  by  almost  an  order 
of  magnitude  between  growth  at  450  and  550  °C, 
and  hence  the  resulting  gallium  concentration  in 
films  grown  at  550  °C  is  almost  an  order  of  mag¬ 


nitude  larger  than  in  films  grown  at  450  °C.  The 
activation  energy  for  incorporation  obtained  from 
a  plot  of  AC,  versus  l/T  was  found  to  be  ap- 


ADSORBED  SURFACE  GALLIUM  CONCENTRATION 


(□toms/cm^) 

Fig.  5.  Incorporation  coefficient.  A,,  for  two  different  growth 
temperatures  as  a  function  of  surface  gallium  concentration. 
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ATOMIC  CONCENTRATION  (cm'S) 

Fig.  6.  Activation  ratio  obtained  from  SIMS  and  SRA  data  for 
two  different  growth  temperatures  as  a  function  of  the  SIMS 
atomic  doping  concentration. 

proximately  1.3  eV.  This  value  is  very  similar  to 
the  activation  energy  for  incorporation  of  gallium 
in  silicon  (5).  This  suggests  that  gallium  incorpora¬ 
tion  in  germanium,  like  in  silicon,  involves  the 
clustering  of  gallium  atoms  on  the  surface,  with 
subsequent  incorporation  proceeding  by  gallium 


atoms  breaking  away  from  the  periphery  of  these 
clusters  and  surface  diffusing  to  an  available 
nearby  kink  site.  If  this  mechanism  were  true,  then 
the  activation  energy  for  incorporation  obtained 
in  our  experiments  should  match  data  on  the 
surface  diffusion  activation  energy  for  gallium  on 
germanium.  The  desorption  coefficient.  was 
less  than  5  x  10“^  and  the  sticking  coefficient,  s, 
for  gallium  on  germanium  was  between  0.25  and 
1.0  for  the  entire  range  of  grov'th  conditions  ex¬ 
amined. 

Fig.  6  shows  a  plot  of  the  activation  ratio 
obtained  from  SIMS  and  SRA  data  for  two  differ¬ 
ent  growth  temperatures  as  a  function  of  the  SIMS 
atomic  doping  concentration.  The  dopant  activa¬ 
tion  of  gallium  increases  with  increasing  atomic 
concentration  and  reaches  unity  at  doping  levels 
greater  than  10”  cm“\  The  unity  activation  at 
high  doping  maybe  due  to  band-tailing  effects. 
The  poor  activation  at  higher  growth  tempera¬ 
tures,  for  a  particular  value  of  atomic  concentra¬ 
tion  (see  fig.  6).  may  be  attributed  to  the  fact  that 
there  is  increased  clustering  of  gallium  atoms  at 
the  surface  at  higher  temperatures.  Here,  it  is 
important  to  note  that  no  gallium  precipitates 


Fig.  7.  (a)  SIMS  profile  of  a  4000  A  boron-doped  Ge  film  grown  on  a  500  A  undoped  buffer  at  450 ‘’C.  (b)  The  corresponding 

spreading  resistance  profile  of  the  same  sample. 
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Fig.  8.  (a)  SIMS  profile  of  500  A  boron-doped  germanium  pulses  s^arated  by  500  A  undoped  Ge  layers  grown  at  450®  C.  (b)  SRA 

profile  of  the  same  sample. 


were  seen  in  cross-sectional  TEM  even  at  the 
highest  doping  levels  obtained  of  10^® cm"  ’.  While 
growth  at  high  temperatures  around  550  °C  may 
result  m  increased  dopant  incorporation,  the  frac¬ 
tion  that  is  active  is  actually  reduced  compared  to 
growth  at  450 °C.  Thus  the  window  for  optimal 
growth  of  gallium  doped  Ge  films  is  quite  small, 
between  450  and  550  °C.  Through  the  use  of 
pre-buildup  and  flash-off  techniques  [4],  it  may  be 
possible  to  obtain  gallium  doped  germanium  with 
sharp  transition  profiles. 


5.  Boron  doping  of  germanium 

Boron  doping  of  germanium  was  accomplished 
using  an  e-beam  source  for  boron.  Fig.  7a  shows 
the  SIMS  profile  of  a  4000  A  boron-doped  Ge 
film  grown  on  a  500  A  undoped  buffer  at  450  °C 
and  fig.  7b  shows  the  corresponding  spreading 
resistance  profile.  Fig.  8a  shows  the  SIMS  profile 
of  a  sample  with  500  A  boron-doped  germanium 
pulses  separated  by  500  A  undoped  Ge  layers  and 
fig.  8b  shows  the  SRA  profile  of  the  same  sample. 
The  limited  dynamic  deling  range  seen  in  this 
film  is  due  to  our  custom  e-beam  source.  The 
interfacial  boron  spike  [6]  can  be  seen  in  both 
samples  shown  in  figs.  7  and  8.  By  comparing  the 


SRA  and  SIMS  profiles  in  figs.  7  and  8.  it  is  can 
be  seen  that  85-100%  of  the  boron  in  germanium 
is  active.  Fig.  2,  which  shows  a  TEM  cross-section 
of  a  boron-doped  Ge  film,  also  points  to  the 
excellent  quality  of  these  layers.  Hence,  boron  is 
clearly  the  preferred  p-dopant  in  germanium  and 
uniform  doping  profiles  at  high  concentrations 
with  sharp  transitions  can  be  achieved. 


6.  Antimon>  doping  of  germanium 

The  antimony  K-cell  was  calibrated  using 
amorphous  Si  films  grown  at  250  "C  and  a  wide 
range  of  antimony  flux  from  10”  to  5  x  10” 
atoms/cm^  •  s  were  examined.  Fig.  9  shows  the 
SIMS  profile  of  a  0.9  pm  Ge  film  intended  to 
produce  1000  A  thick  antimony-doped  Ge  pulses 
separated  by  1000  A  undoped  Ge  layers  and  grown 
at  450  "C.  The  leading  edge  transition  of  the  first 
antimony-doped  layer  is  sharp,  but  over  a  wide 
range  of  surface  coverage,  the  bulk  antimony  dop¬ 
ing  concentration  is  relatively  constant  and  does 
not  turn  off  even  when  the  surface  atomic  con¬ 
centration  of  antimony  is  not  replenished  during 
growth  of  the  undoped  Ge  layers.  Th  same  film  as 
shown  in  fig.  9,  when  grown  at  550  °C,  results  in 
lower  bulk  antimony  concentration.  SRA  profiles 


854 


V.P.  Kesan  et  at.  /  Dopant  incorporation  in  epitaxiat  Ge  grown  on  GeflOO)  by  MBE 


Fig.  9.  SIMS  profile  of  a  0.9  Ge  film  intended  to  produce 
1000  A  thick  antimony-duped  Ge  pulse-s  .separated  by  1000  A 
undoped  Ge  layers  and  grown  at  450  "C.  The  antimony  K-cell 
temperature  during  growth  and  the  K-cell  shutter  status  is 
shown  in  the  inset. 


on  these  samples  showed  20-30%  activation  of  the 
antimony  in  the  germanium  layers.  Fig.  10  shows 
a  TEM  cross-section  of  the  same  sample  described 
in  fig.  9.  A  number  of  “hair-pin”  defects  of  stack¬ 
ing  faults  can  be  seen  at  the  top  of  the  film.  It  may 
be  possible  to  achieve  spontaneous  antimony  in¬ 
corporation  by  reducing  the  growth  temperature 
to  around  300  °C,  but  the  defect  density  in  Ge 


fims  grown  at  such  low  temperatures  is  corre¬ 
spondingly  higher.  Clearly,  antimony  doping  of 
germanium  does  not  proceed  along  similar  lines  as 
in  silicon  and  will  be  studied  in  greater  detail  in 
the  future. 


7.  Conclusion 

In  summary,  we  have  studied  dopant  incorpo¬ 
ration  (gallium,  boron,  and  antimony)  in  MBE 
germanium  grown  on  Ge(100)  substrates.  Excel¬ 
lent  germanium  films  have  been  grown  on  Ge 
substrates  with  little  demarcation  of  the  sub- 
strate-epi  interface.  Gallium  doping  of  germanium 
takes  place  through  an  adlayer  at  the  growth  front, 
and  between  growth  temperatures  of  450  °C  and 
550 °C,  successful  p-doping  of  germanium  by  gal¬ 
lium  can  be  accomplished.  Boron  is  an  excellent 
p-dopant  in  germanium  with  good  activation  at 
high  concentrations  and  sharp  transition  profiles. 
The  incorporation  of  antimony  in  germanium  at 
growth  temperatures  >450®C  is  poor.  Further 
reduction  in  the  growth  temperature  to  around 
300  "C  may  increase  antimony  incorporation,  with 
a  penalty  of  increasing  defect  density  in  these 
films. 
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In  Si,Hj  gas  source  Si-MBE,  B  doping  is  achieved  using  HBO2  Knudsen  cell  or  BjH^  gas  dopani.  B  doping  effect  on  gas  source 
Si-MBE  growth  was  studied  for  these  two  different  doping  sources.  At  high  B  doping  using  HBOj  cell.  RHEED  intensity  oscillation 
was  found  to  extinguish.  This  is  thought  to  be  due  to  the  scattering  for  SiiH^  surface  migration  by  B  adsorbates  from  HBO,  cell  on  a 
growing  surface.  In  fact,  RHEED  oscillation  extinguished  for  B  adsorption  of  0.15  monolayer  on  Si(lOO)  surfaces,  whereas  the 
oscillation  continued  on  Siflll)  /3  Xy/3-B  in  which  B  occupies  a  subsurface  site  under  the  top  layer.  On  the  other  hand.  RHEED 
oscillation  did  not  extinguish  in  B^H^  gas  doping.  This  is  because  B^H^  is  incorporated  into  the  epitaxial  layer  via  the  same  process 
as  SijHj. 


1.  Introduction 

For  a  high  speed  bipolar  transistor  fabrication, 
precise  controls  for  the  film  thickness  and  doping 
profile  of  the  collector,  base  and  emitter  layers  are 
essential.  From  these  view  points.  Si  molecular 
beam  epitaxy  (Si-MBE)  is  a  promising  technique. 
Si-MBE  has  such  advantages  of  low  epitaxial 
growth  temperature,  good  film  thickness  control 
in  monolayer  scale,  and  an  abruptness  in  doping 
profile  [1-3],  However,  in  addition  to  these  ad¬ 
vantages,  a  selective  epitaxial  growth  for  self- 
aligned  processing  is  strongly  desired  in  recent 
large  scale  integrated  (LSI)  circuit  technology.  But, 
unfortunately,  a  selective  epitaxial  growth  is  very 
difficult  in  conventional  electron-gun  evaporator 
type  Si-MBE.  To  make  this  selective  epitaxial 
growth  possible,  the  authors  had  studied  gas  source 
Si-MBE  (4-  6]. 

In  gas  source  Si-MBE,  selective  epitaxial  growth 
has  been  found  to  be  possible.  But,  for  self-aligned 
processing,  a  selective  doping  technique  is  also 
required.  Therefore,  we  devised  an  original  gas 
mixing  system  [7]  and  studied  B  doping  method 


*  Present  address:  Fritz-Haber-lnstitut  der  Max-Planck-Ge- 
sellschaft.  Faradayweg  4-6.  W-1(XK)  Berlin  33,  Germany. 


using  B2He,  as  a  gas  dopant  source.  The  similar 
molecular  structure  of  BjH^  as  SijH^,  perhaps  will 
have  the  same  incorporation  mechanism  to  SijH^,. 
which  enables  the  selective  doping.  In  this  study, 
the  effect  of  B  doping  on  gas  source  Si-MBE 
growth  was  studied  using  B^H^  gas.  This  effect 
was  compared  with  that  of  the  conventional  HBO; 
cell  doping. 


2.  Experimental  apparatus 

The  experimental  apparatus  is  schematically 
shown  in  fig.  1.  The  MBE  chamber  consists  of  a 
HBO;  Knudsen  cell  for  solid  source  B  doping,  a 
gas  cell  for  gas  source  Si-MBE  growth  and  gas 
doping,  an  electron  cyclotron  resonance  (ECR) 
cell  for  low  temperature  surface  cleaning  [8]  and 
surface  H- termination  [9],  a  reflection  high  energy 
electron  diffraction  (RHEED)  gun  and  a  fluo¬ 
rescent  screen.  RHEED  intensity  oscillations  were 
observed  with  an  aperture  and  a  photomultiplier 
system  [10].  Four-inch  Si(lOO)  and  Siflll)  wafers 
were  used  as  substrates.  B  doping  was  achieved 
using  HBO;  or  BjH^  gas.  The  effect  of  the  B 
doping  on  gas  source  Si-MBE  growth  was  moni¬ 
tored  by  RHEED  intensity  oscillation.  The  oscilla- 
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Fig.  1.  Gas  source  Si-MBE  apparatus. 


tion  was  measured  concerning  a  specular  spot. 
Gas  source  Si-MBE  growth  was  performed  using 
100^  Si.H^.  B  gas  doping  was  achieved  using  5? 
B,Hft  diluted  by  H,.  These  gas  flow  rates  were 
controlled  by  a  gas  mixing  system  (7).  These  gas 
were  first  intrcxluced  to  the  subchamber,  and  then 
supplied  to  the  growth  chamber  through  the  gas 
cell.  The  subchamber  worked  as  a  buffer  chamber. 
The  growth  chamber  pressure  was  less  than  2  x 
10  '  Torr,  though  it  depended  on  the  source  gas 
flow  rate  to  the  growth  chamber. 


at  Si  dangling  bond  sites  [12-14],  With  the  in¬ 
creasing  doping  concentration,  the  B  coverage  on 
the  surface  increases.  Therefore,  at  high  dopings, 
all  surface  dangling  bonds  may  be  terminated  by 
B.  In  this  case,  gas  source  Si-MBE  growth  stops 
and  the  RHEED  oscillation  extinguishes.  The 
other  possible  reason  is  the  retardation  of  the 
SijH^  surface  migration  by  B  atoms.  In  some 
previous  studies  on  SijH^,  adsorption,  a  precursor 
state  of  SiiHf,  has  been  reported  [12],  As  a  first 
step  for  the  dissociative  adsorption,  SijH^  ad¬ 
sorbs  molecularly  in  the  precursor  state.  After  the 
surface  migration,  Si,H^  dissociates  at  a  dangling 
bond  site  and  contributes  to  the  epitaxial  growth 
(14).  B  adsorbates  hinder  the  surface  migration 
and  the  following  two-dimensional  growth.  At  high 
B  doping  concentrations,  the  scattering  becomes 
dominant,  which  may  causes  the  extinction  of 
RHEED  oscillation. 

In  10-*’  cm'’  doping  dilutions,  the  inter-dis¬ 
tance  between  B  dopants  is  in  the  order  of  a  few 
nms,  and  B’s  are  not  expected  to  terminate  all 
dangling  bonds.  Therefore,  the  extinction  of  the 
RHEED  oscillation  at  high  B  doping  is  thought  to 
be  due  to  the  retardation  of  surface  migration  by 
B  ad.sorbates.  This  was  also  confirmed  by  the 
following  two  experiments. 

RHEED  oscillation  for  non-doped  gas  source 
Si-MBE  growth  was  measured  on  Si(lOO)  surfaces 


3.  HBOj  cell  doping  effect 

RHEED  intensity  o.scillations  on  Si(lOO)  sur¬ 
faces  were  observed  during  gas  source  Si-MBE 
growth  with  HBO,  [11).  Experimental  results  are 
shown  in  fig.  2.  In  this  study,  B  doping  was 
achieved  with  a  constant  BiH^  flow  rate  or  HBOj 
beam  intensity.  The  doping  concentration  was  in- 
crea.sed  by  decreasing  the  SijH^  flow  rate.  The 
substrate  temperature  was  kept  at  51 2° C.  As 
shown  in  the  right-hand  side  of  fig.  2,  oscillations 
were  observed  without  HBOj  doping.  But,  at  high 
B  doping  above  lO’"  cm  ’,  the  oscillation  ex¬ 
tinguished.  There  are  two  possible  reasons  for  this 
extinction  of  RHEED  oscillation.  One  reason  is 
that  the  surface  dangling  bonds  are  terminated  by 
B  dopant  atoms.  Gas  source  Si-MBE  growth  is 
governed  by  the  dissociative  ad.sorption  of  SijH* 


B2Hg  Ga*  Doping  HBQ;  Cal  Doping 


I 

.''Vw  5*10”cnn-'' 


Fig.  2.  RHEED  oscillalion  during  HBOs  Knudsen  cell  and 
B2Hft  gas  doping. 
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which  have  a  B  coverage  between  0  and  0.2  mono- 
layer.  No  RHEED  oscillation  was  observed  at  the 
coverage  above  0.15  monolayer.  This  result  sug¬ 
gests  that  the  extinction  of  RHEED  oscillation 
was  caused  by  the  retardation  of  surface  migra¬ 
tion. 

RHEED  oscillation  for  non-doped  gas  source 
Si-MBE  growth  was  also  measured  on  Si(lll) 
surfaces  with  a  1  /3  monolayer  B.  The  1  /3  mono- 
layer  B  formed  X  ^3 -B  surface  superstructure 
at  800  °C.  while  a  1  X  ]  surface  .structure  was 
observed  at  room  temperature  [15].  The  RHEED 
oscillation  was  observed  on  B-Si(lll)  \/J  X  ]/2 . 
whereas  the  oscillation  was  not  observed  on  Si(l  1 1 ) 
1  X  1-B.  On  the  B-Si(lll)  ^3  X  ]/3  surface.  B 
occupies  a  subsurface  site  under  the  top  layer  [16]. 
The  subsurface  site  B  atom  does  not  scatter  the 
surface  migration.  On  the  other  hand,  B  adsorbed 
on  the  top  surface  gives  a  B-Si(lll)  1  x  1  struc¬ 
ture.  The  special  B  site  for  the  B-Si(lll)  ^3  X  /3 
structure  is  the  reason  for  RHEED  oscillation  in 
spite  of  its  large  B  coverage  (1/3  monolayer).  This 
experimental  result  also  supports  that  the  extinc¬ 
tion  of  RHEED  oscillation  is  due  to  the  retarda¬ 
tion  of  surface  migration  by  B  adatoms. 


4.  BjHj  gas  doping  effect 


Using  B,  H^.  B  doping  is  al.so  po.ssible  in  gas 
source  Si-MBE.  An  example  of  B,H^  gas  doping 
is  shown  in  fig.  3.  In  this  experiment,  the  substrate 
temperature  was  kept  at  561  °C.  The  B^H^  flow 
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Fig.  3  B  doping  concentration  in  gas  doping. 


rate  was  fixed  at  0.1  SCCM,  whereas  the  SijH^ 
flow  rate  was  varied  in  the  range  between  0  and  70 
SCCM.  As  shown  in  the  figure,  the  B  concentra¬ 
tion  was  found  to  be  proportional  to  the  BjH^/ 
SijH^  ratio.  However,  here  we  must  pay  attention 
to  the  SijHj,  flow  rate  dependence  of  the  growth 
rate  [7,10].  For  Si^H^  flow  rate  below  30  SCCM. 
the  growth  rate  increased  linearly  with  the  flow 
rate.  But,  for  the  SijH^  rates  above  30  SCCM,  the 
growth  rale  did  not  depend  on  the  flow  rate.  This 
is  because  that  gas  source  Si-MBE  has  two  com¬ 
peting  rate-limiting  steps  [10].  One  is  the  SijH^ 
incidence.  The  other  is  the  H  thermal  desorption 
from  the  growing  surfaces.  For  large  flow  rates, 
the  SijH^  incident  rate  exceeds  the  H  desorption 
rate.  In  this  case,  the  H  desorption  becomes  a 
rate-limiting  step  and  thus  the  growth  rate  does 
not  depends  on  the  Si,Hf,  flow  rate.  For  low  flow 
rates,  the  Si,H(,  incident  rate  is  the  rate-limiting 
proce.ss.  where  the  growth  rate  is  proportional  to 
the  Si,H^  flow  rate.  However,  the  B  doping  con¬ 
centration  is  proportional  to  the  B^H^/Si^H^ 
ratio,  independent  of  the  two  different  rate-limit¬ 
ing  processes.  This  experimental  result  suggests 
that  B,  H^  is  incorporated  into  the  epitaxial  film 
by  the  same  adsorption  proce.ss  as  that  for  Si2Hf,. 
Specifically.  B-H,,  adsorbs  in  a  precursor  state, 
and  after  migration,  the  B^H^  dissociates  at  surface 
dangling  bonds  and  is  incorporated  into  the  epi¬ 
taxial  film. 

RHEED  oscillation  for  B;H^  gas  doping  was 
also  measured  on  Si(lOO)  surfaces.  Results  are 
shown  in  fig.  2,  As  shown  in  the  figure,  for  B 
doping  concentrations  above  10““cm  ’,  the  oscil¬ 
lation  for  the  HBOj  cell  doping  extinguished, 
whereas  the  oscillation  for  the  B^H^  doping  still 
persisted.  The  extinction  for  the  HBO,  cell  doping 
is  caused  by  the  retardation  of  the  surface  migra¬ 
tion  by  B  adsobates.  In  HBO,  cell  doping.  B 
atoms  adsorb  directly  on  SiflOO)  surface  and  act 
as  scattering  centers  in  surface  migration.  On  the 
contrary.  B^H^  is  thought  to  have  the  same  ad¬ 
sorption  process  as  SijH^.  Namely,  B^H^,  migrates 
in  a  precursor  state,  and  then  is  incorporated  by 
the  subsequent  dissociation  at  dangling  bond  sites. 
In  the  latter  case,  all  B  atoms  are  incorporated  in 
the  epitaxial  layer  and  there  are  no  B  atoms  on  the 
growing  surface.  This  is  thought  to  be  the  reason 
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why  the  oscillation  persists  only  for  the  gas 

doping. 

5.  Summary 

The  B  doping  effect  on  gas  .source  Si-MBE 
growth  was  studied  using  HBO,  and  B^H^  gas.  In 
the  HBO,  cell  doping,  RHEED  o.scillation  .stopped 
for  high  B  doping  above  lO’*’  cm"  ’.  This  is  due  to 
the  retardation  of  the  SijH,,  precursor’s  surface 
migration  by  B  adsorbates  in  the  ca.se  of  HBO, 
doping.  This  assumption  was  confirmed  by  the 
extinction  of  the  RHEED  oscillation  on  B-pre- 
covered  Si(lOO)  surfaces  and  the  continuous  o.scil- 
lation  on  the  Si(lll)  /3  X  /3-B  surface. 

In  B,H^  gas  doping,  RHEED  o.scillation  was 
found  to  persist  even  for  high  doping  concentra¬ 
tions.  This  result  suggests  that  B,  H^  is  incorpo¬ 
rated  in  the  epitaxial  layer  through  the  same  proc¬ 
ess  as  that  of  Si;H^.  Namely,  B, H^  is  incorpo¬ 
rated  by  dissiK'iation  at  the  dangling  bond  site 
after  the  surface  migration  in  the  precursor  state. 
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The  limiting  conditions  of  selective  epitaxial  growth  (SBG)  on  Si02  patterned  Si(OOl)  substrate  were  studied  for  Si  gas-source 
moKx;ular  beam  epitaxy  (MBE)  by  use  of  100^  SijH^,.  In  the  initial  stage  of  growth,  epitaxial  Si  was  selectively  grown  on  a  Si  surface 
in  the  temperature  range  of  500  to  850 “’C.  On  the  other  hand,  polycrystalline  Si  nucleation  on  a  SiO,  surface  was  intimately  related 
to  the  impinging  density  of  the  Si,Hj  molecules  on  SiOj.  so  that  SEG  was  limited  by  the  supply  gas  volume.  Under  optimum  SEG 
conditions  such  as  substrate  temperature  of  700®C  and  Si;H^  flow  rate  of  60  SCCM.  a  SEG  layer  could  be  deposited  at  a  rate  as 
high  as  645  A/  min. 


1.  introduction 

Silicon  ga.s-.source  molecular  beam  epitaxy 
(MBE)  using  Si,H^  has  many  advantages  such  as 
low  temperature  process,  no  spitting  defect,  high 
growth  rate,  and  selective  epitaxial  growth  (SEG) 
on  SiO,  patterned  Si.  Especially,  SEG  is  one  of 
the  most  important  technologies  for  fabricating 
future  ultra-large  scale  integration  circuits  (UL- 
SIs). 

Several  papers  have  been  reported  on  SEG  by 
chemical  vapor  deposition  (CVD),  low  or  ultra-low 
pressure  CVD  (LP-,  ULP-CVD)  using  SiH^, 
SiHyH^/HCl,  SiCI^/HCl/H^,  SiH^Clj/HCl/ 
H,,  SiH^/Hj,  and  SiHClj/HCl/H^  systems. 
Yew  and  Reif  [1]  reported  that  the  SEG  tempera¬ 
ture  using  HCl  should  be  higher  than  900  °C. 
However,  they  found  also  low  temperature  SEG 
by  using  ULPCVD  of  SiH4.  Hirayama  et  al.  [2,3] 


succeeded  in  SEG  in  a  gas-source  MBE  system 
with  SiH4  and  SijH^.  Gas-source  MBE  is  one  of 
the  most  promising  methods  for  low  temperature 
SEG.  However,  Hirayama  et  al.  [3]  reported  that 
SEG  conditions  were  restricted  to  the  low  molecu¬ 
lar  beam  intensity  and  consequently  the  growth 
rate  was  very  low. 

In  this  study,  we  tried  to  find  the  critical  condi¬ 
tions  of  Si-SEG  on  a  SiO,  patterned  SifOOl)  sub¬ 
strate  in  a  gas-source  MBE  system  by  use  of  pure 
SijH^. 

2.  Experimental 

Fig.  1  shows  a  schematic  diagram  of  the  gas- 
source  MBE  system  (ANELVA  GBE-620),  which 
consists  of  a  loadlock  chamber  and  a  growth 
chamber  with  liquid  nitrogen  shrouds.  The  growth 
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Fig.  1.  Schematic  diagram  of  gas  source  Si-MBE. 


chamber  is  evacuated  to  the  background  pressure 
of  1.5  X  10^’  Torr  by  a  1000  L/s  turbo  molecular 
pump  (Seiko  Seiki  STP-HIOOOC)  and  liquid  nitro¬ 
gen  shrouds.  The  source  gas,  SijH^,  is  introduced 
from  a  cell  port  through  a  mass  flow  controller 
(MFC).  According  to  the  change  of  flow  rate  from 
1  to  60  SCCM,  the  steady  state  pressure  in  the 
growth  chamber  varied  from  2  X  10"*  to  5  X  10"* 
Torr  at  the  liquid  nitrogen  temperature  of  the 
shrouds.  The  substrate  temperature  was  measured 
by  a  thermocouple  located  in  the  space  between 
an  IR  radiation  heater  and  the  substrate.  The 
substrate  temperature  was  calibrated  by  RHEED 
observation  of  the  Si(OOl)  surface.  According  to  a 
previous  report  [4],  the  temperature  at  which  the 
superstructure  patterns  appear  on  the  (001)  surface 
was  defined  as  815°C.  The  substrate  was  a  4-inch 
(001)  Si  wafer  patterned  with  CVD-SiOj  and 
rinsed  by  an  etching  solution  (HjO :  HjO^ :  NH^ 
OH  =  20: 6:1)  before  loading.  After  thermal 
cleaning  in  the  growth  chamber  at  850  °C  for  10 
min,  films  were  grown  at  several  temperatures. 
The  presence  of  SEG  was  observed  by  RHEED 
pattern.  In  order  to  extend  the  lifetime  of  the 
RHEED  gun  filament,  RHEED  pattern  observa¬ 
tion  was  carried  out  periodically.  The  growth  rate 
was  calculated  from  a  step  height  measured  at  the 
edge  of  the  epitaxial  layer  after  taking  off  the  SiOj 
pattern  by  HF  solution.  The  surface  morphology 
of  the  SEG  pattern  was  observed  by  scanning 


electron  microscope  (SEM),  and  the  cross  sec¬ 
tional  structure  of  the  film  was  observed  by  trans¬ 
mission  electron  microscope  (TEM). 

3.  Results  and  discussions 

The  SEM  images  of  the  perfect  SEG  film  and 
the  imperfect  SEG  film  are  shown  in  figs.  2a  and 
2b,  respectively.  The  films  were  deposited  at 
700 °C  with  SijH^  flow  rate  of  15  SCCM  for  4 
min  (fig.  2a)  and  22  min  (fig.  2b)  growth.  The 
thicknesses  of  the  epitaxial  layer  were  640  A  (fig. 
2a)  and  3000  A  (fig.  2b).  When  the  RHEED 
pattern  showed  2x1  with  halo,  the  SEM  image 
did  not  show  the  existence  of  poly-Si  on  SiOj  as  in 
fig.  2a.  When  the  RHEED  pattern  changed  to 


Fig.  2.  Scanning  electron  microscopy  (SEM)  images  of  sub¬ 
strate  surface  taken  from  the  films  deposited  at  700  °C  with 
Si2H«  flow  rate  of  IS  SCCM  for  (a)  4  min  and  (b)  22  min 
growth.  The  thicknesses  of  the  epitaxial  Si  layer  were  (a)  640  A 
and  (b)  3000  A. 
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Si  jHt  FLOW  RATE  (SCCM) 

Fig.  3.  Flow  rate  dependence  of  incubation  time.  When  SijH^ 
gas  was  supplied  over  the  incubation  time,  poly-Si  was 
nucleated  on  the  SiO^. 


2x1  overlapped  with  rings,  poly-Si  was  deposited 
on  SiOj  as  shown  in  fig.  2b. 

RHEED  observation  showed  that  poly-Si 
nucleation  started  after  an  incubation  time  of 
initial  growth.  As  shown  in  fig.  3,  the  incubation 
time  was  inversely  proportional  to  SijHj  flow  rate 
at  fixed  substrate  temperature.  Therefore,  the 
product  of  the  incubation  time  by  the  gas  flow 
rate,  which  means  the  total  volume  of  gas  supplied 
during  the  incubation  time,  should  be  constant  at 
fixed  temperature.  Furthermore,  the  critical 
volume  of  supply  gas  above  which  poly-Si  nuclea- 
lion  appears  is  predicted  at  various  temperatures. 

Fig.  4  shows  the  critical  volume  of  supply  gas 
as  a  function  of  the  substrate  temperature.  Below 
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Fig.  4.  Critical  volume  of  supply  gas  for  poly-Si  nucleation  on 
SiOj  versus  substrate  temperature.  The  critical  volume  of  the 
supply  gas  was  introduced  as  the  product  of  incubation  time 
and  gas  flow  rate. 


700  ®C,  the  critical  volume  of  supply  gas  decreases 
with  increasing  substrate  temperature,  indepen¬ 
dent  of  gas  flow  rate,  whereas  above  700  °C  the 
critical  volume  increases  with  substrate  tempera¬ 
ture.  Moreover,  at  850  °C  the  critical  volume  de¬ 
creases  with  increasing  gas  flow  rate. 

The  critical  volume  of  supply  gas  suggests  that 
there  is  a  critical  adatom  coverage  on  the  SiOj 
surface  to  start  poly-Si  nucleation,  since  the  num¬ 
ber  of  adatoms  decomposed  from  impinged  SijH^, 
molecules  is  proportional  to  the  volume  of  supply 
gas  under  molecular  flow  region.  While  SijH^ 
molecules  are  decomposed  and  contribute  to  the 
epitaxial  growth  on  the  Si  surface,  most  of  the 
molecules  impinging  on  the  SiO^  surface  are  re¬ 
flected  and  some  portion  is  probably  decomposed 
and  stay  as  adatoms.  As  far  as  the  density  of  these 
adatoms  does  not  exceed  the  critical  coverage, 
SEG  continues  on  the  Si  surface. 

In  the  low  temperature  region  below  700  °C, 
the  surface  decomposition  rate  of  Si2H(,  was  in¬ 
creased  with  temperature;  thus  the  critical  volume 
of  supply  gas  was  decreased  with  increasing  tem¬ 
perature. 

In  the  high  temperature  region  above  700  °C. 
the  SiOj  surface  was  etched  by  decomposed  SijH^. 
Tabe  [5]  reported  that  at  high  temperature.  Si  and 
SiOj  react  as 

Si  +  SiOj  -»  2  SiO; 

then  the  volatile  SiO  is  evaporated  at  the  growth 
temperature.  Since  the  amount  of  adsorbed  mole¬ 
cules  necessary  for  Si  island  nucleation  is  de¬ 
creased,  the  critical  volume  of  supply  gas  is  in¬ 
creased  with  temperature.  By  increasing  the  gas 
flow  rate  at  a  constant  temperature,  the  poly-Si 
nucleation  rate  becomes  higher  than  the  SiO 
evaporation  rate.  Therefore,  the  critical  volume  of 
supply  gas  decreased  with  increasing  gas  flow  rate. 

The  critical  volume  of  supply  gas  well  indicated 
the  limitation  of  perfect  SEG  conditions.  When 
SijHj  was  supplied  under  the  critical  volume  ob¬ 
tained  in  fig.  4,  perfect  SEG  Si  could  be  obtained 
in  various  flow  rates  and  substrate  tempieratures. 
Fig.  5  shows  the  substrate  temperature  depen¬ 
dence  of  the  perfect  SEG-Si  growth  rate.  As  seen 
from  fig.  5,  the  deposition  rate  depends  strongly 
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Fig.  5.  Substrate  temperature  dependence  of  the  SEG-Si  growth 
rate.  The  upper  limitation  of  growth  rate  under  700  °C  was 
determined  by  the  reaction  on  the  surface  and  the  activation 
energy  was  introduced  at  30  kcal/mol. 

on  the  substrate  temperature  in  the  low  tempera¬ 
ture  region  and  its  transition  temperature  to  a 
temperature-independent  region  increases  with  the 
increase  in  gas  flow  rate.  So  the  temperature-inde¬ 
pendent  region  is  regarded  as  a  gas  flow  rate 
limited  process.  Under  the  temperature  controlled 
condition,  the  activation  energy  of  the  reaction  is 
estimated  at  30  kcal/mol.  From  fig.  5,  in  order-to 
obtain  a  thick  SEG  layer  as  far  as  possible  without 


Fig.  6.  Cross  sectional  TEM  image  showing  an  epitaxial  layer 
grown  selectively  on  the  exposed  Si  window  without  poly-Si 
grown  on  Si02.  The  Him  was  deposited  at  a  growth  rate  of  643 
A/min  with  a  thickness  of  1290  A  at  700  "C  and  a  gas  flow 
rate  of  60  SCCM. 


poly-Si  nucleation,  the  gas  flow  rate  should  be 
controlled  to  keep  the  flow  rate  limited  condition 
for  each  substrate  temperature. 

The  maximum  growth  rate  of  645  A/min  was 
obtained  at  700  °C  and  gas  flow  rate  of  60  SCCM. 
Fig.  6  shows  the  cross  sectional  TEM  image  of  the 
SEG  film  with  a  thickness  of  1290  A  deposited 
under  these  conditions.  As  seen  in  this  photo¬ 
graph,  the  contact  of  the  epitaxial  Si  layer  with  the 
side  wall  of  Si02  was  satisfactory. 

4.  Conclusion 

In  the  selective  epitaxial  growth  of  Si  by  SijH^ 
gas  source  MBE,  poly-Si  nucleation  on  a  SiOj 
surface  appears  after  a  certain  incubation  time.  It 
was  found  that  poly-Si  nucleation  on  Si02  starts 
after  exceeding  the  critical  volume  of  the  supply 
gas.  As  far  as  the  total  SijH^  gas  supply  was  kept 
less  than  the  critical  volume,  perfect  SEG-Si  could 
be  obtained  independent  of  both  flow  rate  and 
substrate  temperature.  The  maximum  growth  rate 
of  SEG  obtained  in  this  study  was  645  A/min  at 
700  ®  C,  which  was  a  conspicuously  lower  tempera¬ 
ture  than  that  of  the  CVD  results.  The  maximum 
film  thickness  grown  under  the  optimum  SEG 
conditions  is  expected  to  extend  over  3000  A. 
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We  present  a  description  of  the  use  of  animation  applied  to  simulation  studies  of  molecular  beam  epitaxy.  The  animations 
generated  are  transfered  to  domestic  video,  which  allows  them  to  be  used  as  demonstration  and  teaching  tools.  The  major  advantage 
gamed  from  animation  is  the  introduction  of  a  temporal  dimension  when  analysing  the  simulation.  This  allows  the  easy  examination 
of  fluctuations,  where  the  enormity  of  the  data  produced  usually  forces  the  monitoring  of  only  averaged  quantities. 


1.  Introduction 

Molecular-beam  epitaxy  (MBE)  offers  unprece¬ 
dented  control  in  the  growth  of  low-dimensional 
semiconductor  structures  with  novel  electronic  and 
optical  properties.  Underlying  the  utility  of  many 
such  low-dimensional  structures  is  the  facility  to 
grow  atomically-abrupt  interfaces.  Under  suita¬ 
bly-chosen  operating  conditions,  growth  proceeds 
in  a  layer-by-layer  fashion  (1,2),  that  is,  a  given 
layer  is  almost  complete  before  growth  of  the  next 
layer  is  initiated.  When  the  lateral  dimensions  of 
the  structures  are  large  on  an  atomic  scale  ( »  1000 
A),  the  details  of  the  growth  process  are  not  a 
limiting  factor.  However,  with  lateral  dimensions 
of  heterostructures  approaching  as  low  as  10 
atomic  spacings,  atomic-scale  imperfections  in  the 
growth  can  undermine  the  integrity  of  the  inter¬ 
face  of  two  materials.  Furthermore,  in  the  growth 
of  quantum  wires  and  other  sub-monolayer  struc¬ 
tures  by  MBE  and  variants  such  as  migration-en¬ 
hanced  epitaxy,  the  growth  front  is  comprised  of 


step  edges,  whose  reduced  dimensionality  com¬ 
pared  with  the  planar  growth  front  of  quantum 
wells  means  that  fluctuations  become  increasingly 
important.  In  these  situations,  the  growth  process 
itself  determines  the  extent  to  which  the  fabricated 
structure  behaves  as  a  structurally  ideal  hetero¬ 
structure. 

The  inability  to  probe  small  length-  and  time- 
scale  kinetic  phenomena  has  led  to  the  develop¬ 
ment  of  computer  simulations  of  MBE  growth  to 
enable  a  better  understanding  of  the  formation  of 
microscopic  structures.  Two  principal  techniques 
that  have  been  utilized  are  Monte  Carlo  simula¬ 
tions  [6-9]  and  molecular  dynamics  (10,11). 
Molecular  dynamics  is  restricted  by  the  enormous 
computational  overhead  required  to  solve  the 
equations  of  motion  for  every  atom  in  the  system 
at  each  time  step,  which  is  less  than  an  atomic 
vibrational  frequency  (*10"”  s)  (10).  Monte 
Carlo  simulations,  on  the  other  hand,  because  of 
the  simplicity  of  the  representation  of  the  sub¬ 
strate  and  of  the  kinetics,  have  the  advantage  of 
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allowing  realistic  substrate  temperatures  and 
growth  rates  (typically  1  monolayer/s).  This  can 
be  maintained  for  extended  periods  of  time  (up  to 
1500  monolayers)  on  large  lattices  (up  to  SfXlx 
500).  However,  Monte  Carlo  simulations  do  pre¬ 
sent  a  problem  in  the  shear  enormity  of  the  data 
produced. 

The  problem  we  face  is  not  unique  to  Monte 
Carlo  simulations  of  MBE.  The  last  three  decades 
have  witnessed  an  unprecedented  increase  in  the 
power  and  availability  of  computers.  This  has 
fostered  an  explosion  of  activity  in  many  areas  of 
physics,  with  an  accompanying  expansion  in  the 
volumes  of  data  being  generated  by  computational 
physicists.  Fortunately,  developments  in  computer 
graphics  have  complemented  this  expansion,  in 
particular  leading  to  the  introduction  of  “data 
visualization”  techniques  for  presenting  large 
quantities  of  data  in  ways  that  can  be  assimilated 
more  readily.  The  fact  that  so  much  information  is 
generated,  makes  data  analysis  a  major  problem. 
One  way  to  address  this  difficulty  is  to  take 
snapshots  of  the  simulation.  But  while  a  single 
snapshot  can  characterize  the  system  at  a  particu¬ 
lar  time,  it  may  still  remain  difficult  to  ascertain 
the  extent  of  activity  within  the  system  or  to 
follow  the  trajectory  of  the  system  through  phase 
space  from  one  snapshot  to  the  next.  A  more 
appropriate  visualization  of  data  streams  from 
simulations  is  video  animation,  and  in  this  paper 
we  describe  the  application  of  animation  tech¬ 
niques  to  the  simulations  of  growth  by  MBE. 

2.  The  model 

We  have  implemented  a  model  for  GaAs  and  Si 
homoepitaxy  based  upon  the  solid-on-solid  (SOS) 
model  for  crystal  growth  developed  by  Weeks  and 
Gilmer  [12].  We  treat  the  substrate  as  a  simple 
cubic  lattice  in  which  vacancies  and  overhangs  are 
forbidden,  and  kinetic  activity  restricted  to  surface 
atoms.  We  allow  two  surface  processes;  deposition 
and  migration.  Evaporation  of  surface  atoms  is 
usually  neglected,  as  at  typical  growth  tempera¬ 
tures  n^gible  desorption  flux  is  observed  [13]. 
Growth  is  initiated  by  the  random  deposition  of 
atoms  onto  the  substrate.  The  surface  migration 


kinetics  are  then  modelled  by  prescribing  an  iso¬ 
topic  inter-site  hopping  probability  with  an 
Arrhenius  form:  k(E,  T)  =  kf,  exp(  —  E/k^T)  in 
which  kg  is  a  surface  vibrational  term,  kg  is 
Boltzmann's  constant,  T  is  the  substrate  tempera¬ 
ture,  and  E  is  the  barrier  to  migration. 

A  surface  atom  has  a  configurational  diffusion 
barrier  E  comprising  a  substrate  term  and  a  term 
representing  the  number  of  nearest-neighbor  bonds 
formed  parallel  to  the  substrate:  E  =  Es  +  n  ^ 
+  where  Eg  is  the  substrate  term,  Ej_  is  the 
nearest-neighbor  barrier  in  the  direction  per¬ 
pendicular  to  of  the  dangling  bond  of  the  surface 
atom,  represents  the  number  of  bonds  in  that 
direction  with  E^  and  /i||  being  the  same  quanti¬ 
ties  in  the  parallel  direction.  For  Si(IX)l)  we  set 
£|i  =  Ej^/10  and,  as  the  direction  of  the  dangling 
bond  rotates  through  90 "  on  successive  layers,  the 
direction  of  the  barrier  anisotropy  changes  accord¬ 
ingly.  The  justification  for  the  anisotropy  comes 
from  step-energy  calculations  performed  by  Chadi 
[15]  and  Aspnes  and  Ihm  [16],  where  it  was  found 
that  steps  that  form  parallel  to  the  direction  of  the 
dangling  bond  are  energetically  less  stable  than 
the  perpendicular  steps.  The  parameters  used  in 
all  the  animations  are:  £5  =  1.3  eV,  Ej^  +E11  =  0.5 
eV  and  kg  —  10'^  s“'. 


3.  Animation 

Animation  introduces  a  temporal  dimension 
into  the  visualization  of  data,  and  can  exploit  an 
observer’s  ability  to  correlate  visual  data  in  time 
as  well  as  in  space.  For  this  reason,  animation  is 
obviously  suited  to  addressing  the  representation 
of  simulation  data.  Video  has  the  particular  ad¬ 
vantage  of  accessibility,  and  in  this  format  an 
animation  can  be  presented  or  studied  using  only 
conventional  domestic  equipment.  To  generate  the 
animation,  we  used  general-purpose  graphic  re¬ 
search  software  developed  at  the  IBM  UK  Scien¬ 
tific  Centre  [17]  to  generate  raster  images  of  solid 
models  representing  the  surfaces.  One  such  image 
was  generated  for  each  unique  frame  of  the  video 
tape,  there  being  many  hundreds  of  such  frames  in 
the  final  animations.  A  typical  image  took  about 
10  min  to  generate,  though  for  this  particular 


Fig.  2.  Same  as  in  fig.  1.  except  for  a  substrate  with  two  biatomic  steps. 


monolayers  after  the  surface  has  been  heated  at  850  K  for  5  s.  TTte  substrate  is  of  dimension  120x  120,  the  flux  is  1  monolayer/s.  and  two  colors  again  represent  the 

same  domains  as  in  figs.  1  and  2. 
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application,  specially-designed  software  could  have 
taken  advantage  of  features  in  the  graphics,  such 
as  polygonal  shading  to  substantially  reduce  the 
required  computational  resources.  More  details  of 
the  animation  process  for  MBE  may  be  found  in 
ref.  [18], 


4.  Animations  of  Si(OOI)  homoepitaxy 

There  are  a  number  of  ways  in  which  the 
animation  of  a  physical  process  such  as  MBE  are 
beneficial.  All  of  these  stem  from  the  level  of 
detail  concerning  the  kinetic  activity  contained  in 
the  animation.  While  an  average  description  of  the 
process  can  be  easily  obtained  with  quantities 
such  as  the  density  of  surface  steps  or  a  diffraction 
pattern,  the  statistical  fluctuations  are  much  more 
difficult  to  address  theoretically.  Animation  pro¬ 
vides  a  very  natural  medium  for  observation  of 
high  temperature  fluctuations,  since  for  any  pro¬ 
cess  involving  a  dynamic  or  evolutionary  aspect, 
an  animation  is  more  likely  to  convey  the  activity 
of  the  process  than  any  static  rendering,  be  it  line 
graphs  or  .sophisticated  graphics.  The  animations 
have  demonstrated  growth  mode  transitions  on 
vicinal  surfaces  and  have  drawn  attention  to  the 
details  of  step  profile  fluctuations  which  were  not 
apparent  in  prior  analyses  of  the  simulations  [18]; 
stills  from  the  video  demonstrate  the  irregularity 
of  the  step  .  tructure,  but  can  not  convey  how  it  is 
likely  to  alter  with  time. 

The  animations  have  proved  particularly  useful 
in  adding  to  our  understanding  of  Si(OOl)  homo- 
epitaxy.  In  this  case  we  used  a  120x  120  sub¬ 
strate.  The  increased  degree  of  realism  in  compari¬ 
son  with  the  40  X  40  lattices  used  earlier  eliminates 
finite-size  effects,  but  drastically  increases  the 
graphical  processing  requirements.  An  important 
feature  of  homo-  and  heteroepitaxy  on  Si(OOl)  is 
the  strong  dependence  of  the  growth  characteris¬ 
tics  upon  the  temperature  and  duration  of  sub¬ 
strate  annealing  prior  to  growth.  For  Si(OOI)  ho¬ 
moepitaxy  on  a  surface  subjected  to  extended 
high-temperature  ( »  1000°C)  annealing,  sustained 
o.scillations  in  reflection  high-energy  electron-dif¬ 
fraction  (RHEED)  specular  intensity  are  ob¬ 


served,  exhibiting  either  a  monolayer  or  bilayer 
period,  depending  upon  the  azimuthal  orientation 
of  the  electron  beam  [19].  However,  for  homoepi¬ 
taxy  on  a  surface  prepared  without  such  an  an¬ 
nealing,  there  is  a  decaying  envelope  to  the 
RHEED  oscillations,  which  exhibit  a  monolayer 
period  independent  of  the  azimuth  [20]. 

Even  in  the  case  of  nucleation  dominated 
growth  on  Si(OOl),  where  the  behaviour  was  well 
understood  from  analysis  of  averaged  quantities,  a 
demonstration  of  the  actual  growth  sequence  is 
dramatic  and  shows  clearly  the  degree  to  which  a 
domain  must  complete  before  the  next  layer  is 
formed.  This  is  something  that  is  not  clear  without 
including  the  temporal  dimension  that  animation 
facilitates.  Figs.  1  and  2  show  the  morphology  of 
the  surface  after  1.5  and  2.5  monolayer  deposition, 
on  single-  and  double-domain  surfaces,  respec¬ 
tively.  They  show  quite  clearly  the  change  in  the 
direction  of  cluster  elongation,  but  fail  to  convey 
the  cooperative  and  remarkably  rapid  coalescence 
of  the  clusters,  and  the  way  their  structure  pre¬ 
vents  the  formation  of  the  next  layer  until  this  has 
been  achieved. 

Monoatomic  steps  on  a  vicinal  Si(OOl)  alternate 
in  stability.  This  means  that  one  type  of  step,  the 
unstable  one,  is  more  susceptible,  to  fluctuations 
than  the  other,  with  the  relatively  stable  steps  thus 
showing  smooth  profiles  and  the  relatively  unsta¬ 
ble  steps  showing  a  comparatively  rough  profile. 
This  has  been  confirmed  by  scanning  tunnelling 
microscopy  [21,22].  During  growth  the  less  stable 
step  advances  (fig.  3).  so  that  the  predominant 
amount  of  the  surface  is  terminated  with  an  unsta¬ 
ble  step,  but  during  surface  recovery  it  recedes,  so 
that  there  is  approximately  an  equal  amount  of 
each  type  of  surface.  Experimentally,  this  is  ob¬ 
served  by  monotoring  the  half-order  beams,  whose 
intensity  is  a  measure  of  the  relative  coverages  of 
1x2  and  2x1  domains  [23-25].  From  the 
animation  it  is  apparent  that  this  relaxation  back 
to  equal  coverage  is  caused  by  the  unstable  step 
attempting  to  maximise  its  degree  of  fluctuation. 
The  fluctuations  are  bounded  by  the  stable  steps 
and  hence  its  optimum  average  position  is  half-way 
between  them.  Such  an  effect  would  be  difficult  if 
not  impossible  to  identify  without  such  a  continu¬ 
ous  way  of  observing  temporal  behavior. 
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5.  Conclusions 

The  ability  to  view  the  temporal  evolution  of 
individual  atomic  configurations  has  significantly 
added  to  bur  understanding  of  the  solid-on-solid 
model  and  to  the  microscopic  growth  kinetics  of 
MBE.  Particularly  fruitful  have  been  the  applica¬ 
tions  to  GaAsfOOl)  and  Si(OOl),  which  have  repro¬ 
duced  experimentally  observed  growth  modes  and 
highlighted  the  dynamic  nature  of  terraced  surfaces 
at  higher  tem{)eratures.  The  development  of  visu¬ 
alization  techniques  such  as  those  described  here 
hold  promise  of  an  exciting  future  in  the  presenta¬ 
tion  and  analysis  of  scientific  data,  including  pos¬ 
sible  applications  for  emerging  computer  technol¬ 
ogies  which  take  advantage  of  the  inherent  con¬ 
currency  of  animating  a  simulation. 
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Molecular  dynamics  and  quasidynamics  simulation  utilizing  the  Tersoff  many-body  poientiai.  have  been  used  to  investigate 
ion/surface  interaction  kinetics  and  mechanisms,  includitig  defect  formation  and  annihilation,  associated  with  the  use  of  low>energy 
ion  irradiation  during  Si  fitm  growth  by  MBE  to  decrease  epitaxial  temperatures  and  increase  dopant  incorporation  probabilities.  The 
irradiation  events  were  initiated  at  an  array  of  points  in  the  primitive  unit  cel)  of  2x  1  terminated  Si(OOl)  lattice. 


1.  Introducdon 

Several  groups  have  demonstrated  reduced  epi¬ 
taxial  temperatures  during  Si  MBE  experiments  in 
which  a  fraction  of  the  incident  condensing  beam 
is  ionized  and  accelerated  to  energies  <  200  eV 
[1-3].  In  addition,  low-energy  accelerated-ion  dop¬ 
ing  during  Si  MBE  has  been  shown  to  overcome 
problems  associated  with  low  dopant  incorpora¬ 
tion  probabilities  and  profile  broadening  due  to 
surface  segregation  [4,5].  Low-energy  ion-doped 
MBE  Si  films  exhibit  excellent  opto-electronic 
properties,  with  no  evidence  of  residual  ion  dam¬ 
age,  as  determined  by  temperature-dependent  Hall 
[6],  deep-level  transient  spectroscopy  [6],  and  pho¬ 
toluminescence  [7]  measurements. 

In  this  paper,  we  present  results  obtained  using 
molecular  dynamics  (MD)  and  quasidynamics 
(QD)  simulations  to  investigate  ion/surface  inter¬ 
actions  which  control  the  kinetics  and  mechanisms 
of  ion-induced  low-temperature  Si  epitaxy  and 
defect  formation/ annihilation  during  MBE  with 
ion  doping.  Irradiation  events  were  initiated  with 
10  and  SO  eV  Si  atoms  incident  normal  to  the 
surface  at  an  array  of  points  in  the  Si(001)2  x  1 
primitive  unit  cell.  Each  event  was  followed  to 
determine  kinetic  energy  redistribution  in  the 
lattice  as  a  function  of  time,  projectile  and  lattice 


atom  trajectories,  and  the  nature,  number,  and 
depth  of  residual  defects.  Minimum  energy  diffu¬ 
sion  paths  and  defect  formation  and  migration 
activation  energies  as  a  function  of  near-surface 
lattice  position,  including  relaxation  around  de¬ 
fects.  were  also  calculated.  Events  resulting  in 
low-temperature  epitaxy  (due  to  both  projectiles 
and  lattice  atoms  coming  to  rest  at  epitaxial  sites) 
were  analyzed  in  detail. 


The  simulations  were  carried  out  using  a  com¬ 
bination  of  MD  and  modified  QD  techniques, 
discussed  in  detail  in  refs.  [8.9],  employing  the 
many-body  Tersoff  potential  [10].  In  QD  simula¬ 
tions,  the  positions  and  velocities  of  each  atom  are 
computed  in  a  fully  dynamic  mode  until  both  the 
total  system  force  and  potential  energy  values 
reach  minima,  at  which  point  the  velocity  of  each 
atom  is  set  to  zero  and  the  system  allowed  to 
evolve  further.  The  procedure  is  repeated  until 
stable  atom  positions,  with  approximately  zero  net 
force,  are  obtained. 

The  computational  cell  for  the  10  eV  (50  eV) 
bombardment  events  included  360  (1920)  atoms, 
10  (20)  Si(001)  layers  with  dimensions  6  x  6  (8  X 


2.  Simulation  procedure 
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12)  atoms.  All  violent  collisional  effects  were  found 
to  subside  within  the  first  6  (14)  layers.  Increasing 
the  size  of  the  cell  by  a  factor  of  three  had  no 
significant  effects  on  the  results.  Layers  7  and  8 
(17  and  18)  were  momentum  damped  to  minimize 
kinetic  energy  reflection  and  layers  9  and  10  (19 
and  20)  were  fixed.  The  surface  layer  was  allowed, 
following  the  procedure  described  in  ref.  [8],  to 
relax,  yielding  a  (2x1)  dimerized  surface.  Peri¬ 
odic  boundary  conditions  were  applied  to  the  four 
(110)  boundary  planes.  The  starting  temperature 
for  the  simulations  was  0  K,  however  lattice  atoms 
involved  in  collision  cascades  attained  kinetic  en¬ 
ergies  >  0.5  eV,  corresponding  to  temperatures 
well  above  those  used  during  typical  MBE  Si 
growth  experiments  (900- 1050  °C).  Simulations 
carried  out  with  initial  crystal  temperatures  up  to 
1000  K  showed  that  the  primary  results  -  includ¬ 
ing  the  maximum  penetration  depth  of  the  pro¬ 
jectile,  the  average  stopping  depth,  and  the  aver¬ 
age  position  of  residual  bulk  defects  -  are  essen¬ 
tially  the  same  as  those  obtained  in  T  =  0  K. 
simulations.  Trajectories  obtained  from  simula¬ 
tions  initiated  at  T  =  0  K  correspond  to  an  aver¬ 
age  over  a  very  large  number  of  simulations  ini¬ 
tiated  at  a  high  temperature  and  the  same  impact 
geometry  (8). 


3.  Results  and  discussion 

Fig.  1  shows  the  36  points  in  the  primitive 
surface  unit  cell  of  the  2x1  reconstructed  Si(OOl) 
lattice  used  to  initiate  10  and  50  eV  collision 
sequences.  The  points  were  chosen  to  explore  both 
high  and  low  symmetry  regions  [8|.  Each  colli¬ 
sional  event  was  followed  for  >  800  ps,  with  time 
steps  adaptively  increased  from  0.2  to  4  fs  as  the 
calculation  proceeded,  until  the  maximum  kinetic 
energy  per  atom  was  <  0.5  eV. 

3.1.  Ten  electron-volt  irradiation 

The  10  eV  Si  projectiles  came  to  rest  in  posi¬ 
tions  ranging  from  an  epitaxial  bridge  site  above 
the  surface  dimers  to  the  fourth  layer,  with  an 
average  stopping  position  of  0.5  A  below  the 
surface  (between  the  first  and  second  layers).  Split 
(S)  and  hexagonal  (H)  interstitials  were  obtained 
in  the  second  to  sixth  layers  with  the  largest 
concentrations  being  in  the  third  and  fourth  layers. 
No  residual  vacancies  were  observed. 

The  only  collision  sequence  resulting  in  pro¬ 
jectile  reflection  was  initiated  at  impact  point  10 
(see  fig.  1)  in  the  center  of  four  dimers.  In  every 
case  in  which  energetic  projectiles  were  incident 


Fig.  I .  A  Si(001  )2  X  I  reconstructed  surface,  calculated  using  a  modified  quasidynamics  technique,  showing  the  36  points  in  the 
primitive  surface  unit  cells  used  to  initiate  10  and  50  eV  Si  collision  sequences. 
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Fig.  2.  (a)  Calculated  stable  surface-atom  and  projectile  positions  exhibiting  exchange  epitaxy  following  10  eV'  Si  bombardment  at 
surface  unit  cell  point  27  (see  fig.  1).  (b)  Projection  view  showing  trajectories  of  projectile  i  and  surface-atoms  3  through  6  following 

bombardment. 


^  projectile  i  0  surface  atom  Q  lattice  atom 
□  unit  cell  LI"'  surface  unit  cell  *  projectile  impact  point 

Fig.  3.  Top  and  projection  views  of  a  Si  lattice  with  a  (001)2x1  reconstructed  surface  after  bombardment  by  a  10  cV  Si  atom  at 

surface  unit  cell  point  24  (see  fig.  1 )  indicated  by  it. 
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near  dimers,  surface  reactions  (dimer  opening,  epi¬ 
taxial  growth,  and  surface  defect  creation)  were 
observed.  Fifteen  of  the  36  collision  sequences 
opened  surface  dimers.  Ten  events  resulted  in 
epitaxy,  eight  of  which  occurred  without  residual 
bulk  defects  and  five  involved  the  opening  of 
additional  dimers.  In  the  epitaxial  events,  the  pro¬ 
jectile  came  to  rest  either  at  an  epitaxial  bridge 
site  position  or,  through  an  exchange  process,  at  a 
lattice  site  with  the  displaced  surface  atom  at  an 
epitaxial  position.  An  example  of  the  latter,  corre¬ 
sponding  to  bombardment  at  impact  point  27,  is 
illustrated  in  fig.  2a.  The  projectile  i  broke  dimer 
3-4,  then,  after  interacting  with  second  and  third 
layer  atoms,  exchanged  positions  with  atom  5 
which  came  to  rest  in  an  epitaxial  position  be¬ 
tween  i  and  atom  6.  The  trajectories  of  atoms  3-6 
and  i  are  shown  in  fig.  2b. 

Dimer  atom  interstitials  were  created  following 
head-on  or  nearly  head-on  collisions  with  a  dimer 
atom  (impact  points  30-33).  Weak  projectile/ 
surface  interactions  due  to  ion  incidence  between 
the  dimers  resulted  in  residual  bulk  projectile  in¬ 
terstitials.  Ten  S  interstitials  (impact  points  6,  7, 

12.  16,  24,  28,  30,  32,  35.  and  36)  and  four  H 
interstitials  (points  22,  23,  31,  and  33)  were  ob¬ 
served.  Fig.  3  shows  top  and  projection  views 
illustrating  an  S  interstitial  created  following 
bombardment  at  impact  point  24.  S  is  composed 
of  projectile  i  and  atom  11,  oriented  along  the 
[001]  direction,  and  centered  on  the  original  posi¬ 
tion  of  atom  1 1  in  the  third  layer.  Incident  atom  i 
interacted  strongly  only  with  atom  1 1  causing  it  to 
be  displaced  downward.  Impact  at  points  28,  35, 
and  36  near  the  projected  position  of  fourth-layer 
atom  13  also  produced,  through  the  same  mecha¬ 
nism.  S  interstitials. 

3.2.  Fifty  electron-volt  irradiation 

Raising  the  projectile  energy  from  10  to  50  eV 
resulted  in  an  increase  in:  the  average  stopping 
depth  from  0.5  to  1.6  A  (between  layers  2  and 
3),  the  total  number  of  epitaxial  events  from  10  to 

13,  the  total  number  of  residual  bulk  defects  from 
16  to  63  (note  that  the  ratio  of  epitaxial  events  to 
residual  bulk  defects  decreased),  the  number  of 
projectiles  ending  in  substitutional  sites  from  7  to 


Depth  from  the  surface  (A) 


Fig.  4.  The  average  number  of  latlice  interstitials  and  vacancies 
produced  per  projectile  for  50  eV  Si  atoms  incident  at  the  36 
points  in  the  Si(001  )2  x  I  primitive  surface  unit  cell  shown  in 
fig.  1. 


24,  and  the  ratio  of  purely  lattice-atom  interstitials 
to  projectile  interstitials  from  5/11  to  58/5.  50  eV 
irradiation  also  created  residual  vacancies  (V). 
bonding  defects,  and  defects  which  we  have  named 
pentagonal  interstiti'*'''  'P).  Fig.  4  shows  the  depth 
distribution  of  interstitials  (<^=2-14)  and  vacan¬ 
cies  2-7).  One  sputtering  event  was  observed 
in  which  a  dimer  atom  was  ejected  following  im¬ 
pact  at  surface  unit  cell  point  34. 

Thi.'-ty-fivc  of  the  simulation  runs  resulted  in 
the  formation  of  more  than  one  residual  intersti¬ 
tial.  In  total,  there  were  40  S  interstitials,  12  H 
interstitials,  4  tetrahedral  (T)  interstitials,  4  bond- 
centered  (B)  interstitials,  and  3  pentagonal  (P) 
interstitials.  Fig.  5  shows  a  P  interstitial  in  which 
atoms  1-4  occupy  the  area  initially  filled  by  atoms 
a,  b,  and  c.  The  calculated  formation  energy  £,  of 
a  bulk  P  interstitial  is  3.7  eV,  while  £f  for  T,  S,  H, 


Fig.  5.  A  pentagonal  interstitial  in  bulk  Si.  Atoms  1-4  occupy 
the  area  initially  filled  by  atoms  a,  b.  and  c. 
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and  B  interstitials  are  3.5,  4.7,  4.9,  and  5.5  eV, 
respectively.  P  interstitials  are  more  stable  since 
all  but  one  of  the  atoms  in  the  defect  have  four¬ 
fold  bonds  whose  lengths  are  within  6%  of  the 
initial  2.35  A  bond  length.  £,  for  interstitials 
decreases  as  the  surface  is  approached  due  to 
increased  lattice  relaxation,  causing  dilation,  in 
the  [001]  direction.  For  example,  E,  values  for  T 
and  S  interstitials  located  in  3  and  H  intersti¬ 
tials  between  layers  2  and  3  were  2.9,  2.7,  and  2.6 
eV,  respectively.  The  probability  of  obtaining  re¬ 
sidual  interstitials  was  large  in  lattice  regions  di¬ 
rectly  beneath  the  center  of  rectangles  formed  by 
four  dimers.  This  gave  rise  to  the  maxima  at  <!'=  7 
and  11  in  the  interstitial  depth  distribution  shown 
in  fig.  4. 

A  total  of  36  V  were  observed  and  the  average 
depth  was  2.9  A  ( /=  3).  The  maximum  V  con¬ 
centration  was  in  the  second  layer.  Eleven  bond¬ 
ing-defects  were  obtained  in  layers  3  to  11. 

3.3.  Defect  annihilation 

Diffusion  and  annihilation  of  ion-induced  de¬ 
fects  were  investigated  using  QD  by  allowing  one 
to  several  atoms,  depending  upon  the  defect,  to 
migrate  in  steps  of  <0.1  A.  During  each  diffu- 
sional  step,  all  lattice  atoms  were  fully  relaxed  and 
the  diffusing  species  were  relaxed  in  the  plane 
orthogonal  tc  the  diffusion  direction.  The  calcu¬ 
lated  trajectories  coincided  with  minimum  energy 
paths.  Interstitial  migration  activation  energies  £„ 
were  always  <1.4  eV,  except  for  P  interstitials  for 
which  £^  <  1.8  eV,  and  decreased  with  decreasing 
(.  Due  to  the  low  £,  value  for  T  interstitials  and 
the  strong  effect  of  surface  relaxation,  the  primary 
diffusion  path  for  annealing  of  interstitials  was 
along  THT  toward  the  surface.  The  annihilation 
activation  energy  for  bonding  defects  was  <1.2 
eV.  Vacancies,  however,  were  found  to  be  very 
stable  with  £^  =  2.3  eV,  more  than  1 .5  times 
larger  than  £^  for  all  interstitials  except  P. 

4.  Condusions 

The  simulations  provide  detailed  insights  into 
mechanisms  associated  with  low-energy  ion- 
bombardment-induced  epitaxy  and  defect  produc¬ 


tion/annihilation.  Several  collision  sequences  re¬ 
sulted  in  the  opening  of  additional  dimers  thus 
providing  1  X  1  sites  for  migrating  adatoms  during 
crystal  growth.  This  suggests,  in  agreement  with 
experimental  results  [11],  that  low-energy  self-ion 
irradiation  during  vapor-phase  film  deposition 
may  be  useful  for  decreasing  the  epitaxial  temper¬ 
ature  even  when  the  ion  flux  is  only  a  small 
fraction  of  the  total  condensing  atom  flux.  Trap¬ 
ping  probabilities  for  both  10  and  50  eV  pro¬ 
jectiles  were  essentially  unity.  While  residual  bulk 
defects  were  also  formed  in  many  of  the  colUsion 
events,  the  interstitials  and  bonding  defects  were 
easily  annealed  out  over  times  corresponding  to 
monolayer  deposition  (of  the  order  of  one  to 
several  s)  at  typical  growth  temperatures.  Full 
annealing  of  vacancies,  however,  requires  interac¬ 
tions  with  deeper  interstitials  (see  fig.  4)  moving 
toward  the  surface  and  incident  Si  atoms. 
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Scanning  tunneling  microscopy  studies  of  the  growth  process  of  Ge 
on  Si{001) 
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The  growth  process  of  Ge  on  Si(OOl)  has  been  investigated  using  a  scanning  tunneling  microscope  (STM)  and  a  comprehensive 
picture  of  the  major  kinetic  processes  is  obtained  Surface  diffusion  of  Ge  on  Si(OOl)  is  found  to  be  anisotropic.  The  two  types  of 
monatomic  steps  are  shown  to  have  different  lateral  sticking  coefficients  for  Ge  adatoms.  The  transition  from  2D  to  3D  growth  is 
found  to  occur  via  a  kinetic  pathway  -  a  novel  type  of  intermediate  3D  cluster. 


1.  Introduction 

The  growth  of  Ge  on  Si(OOl)  has  attracted 
much  attention  recently  because  of  the  potential 
application  of  this  heterojunction  structure  in 
opto-electronic  devices  [1-4],  Although  this  sys¬ 
tem  has  been  studied  with  a  variety  of  techniques 
[5-9]  many  aspects  of  its  growth  are  still  not  well 
understood. 

Film  growth  is  a  nonequilibrium  process  in 
which  kinetics  plays  an  essential  role  [10],  Deposi¬ 
tion  of  adatoms  onto  a  surface  drives  the  system 
into  supersaturation,  from  which  the  system  tries 
to  relax  back  to  equilibrium  by  forming  a  con¬ 
densed  phase,  e.g.,  2D  islands  for  an  adlayer  that 
wets  the  substrate.  Adatoms  move  randomly  on 
the  surface  and,  when  meeting  each  other,  form 
islands.  All  islands  larger  than  the  critical  nucleus 
will  grow  by  further  addition  of  adatoms  until  the 
supersaturation  is  eliminated.  Another  means  of 
removing  the  supersaturation  is  by  the  adsorption 
of  adatoms  on  those  substrate  steps  that  are  good 
sinks.  The  surface  diffusion  coefficient  determines 
the  relative  rates  of  these  processes.  From  an 
atomistic  point  of  view,  kinetic  processes  in  growth 
can  be  categorized  into  pure  migration  of  adatoms 
on  a  flat  terrace  and  the  interactions  of  adatoms 
with  surface  steps.  Of  particular  interest  are  the 


possible  anisotropies  in  these  aspects  for  a  surface 
with  low  symmetry,  e.g..  two-fold  symmetry  for 
Si(OOl).  The  lateral  sticking  coefficient  of  adatoms 
at  steps  is  one  of  the  most  important  issues  for 
growth  kinetics.  The  conventional  wisdom  that  all 
steps  are  good  sinks  for  adatoms  has  been  shown 
to  be  invalid  for  Si/Si(001)  [11],  and  we  will  show 
that  this  is  also  the  case  for  Ge/Si(001). 

Because  of  the  lattice  mismatch  between  Si  and 
Ge,  2D  growth  eventually  becomes  unfavorable 
because  of  the  buildup  of  strain  energy  in  the  2D 
film,  and  3D  clusters  form  to  relax  the  strain.  The 
transition  process  from  2D  to  3D  structures  in 
such  a  Stranski-Krastanov  process  is  an  interest¬ 
ing  problem.  Phase  succession  has  been  known  to 
occur  in  many  phase  transition  processes  [12],  i.e., 
one  or  more  intermediate  phases  with  lower 
nucleation  barriers  form  and  dissolve  prior  to  the 
final  equilibrium  phase.  We  will  show  that  there  is 
such  a  kinetic  pathway  for  the  2D  to  3D  transition 
of  Ge/Si(001). 

Scanning  tunneling  microscopy  (STM),  because 
of  its  atomic  resolution  and  ability  to  scan  large 
areas  (e.g.,  1.5  jim),  provides  an  ideal  tool  for 
studying  growth  processes  at  the  atomistic  level. 
In  this  paper,  we  report  an  STM  study  of  the 
growth  process  of  Ge/Si(001),  addressing  the  ani¬ 
sotropies  in  surface  migration  of  Ge  adatoms  and 
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in  the  lateral  sticking  coefficient  of  adatoms  at 
steps,  and  the  transition  process  from  2D  to  3D 
structures. 


2.  Experimental 

The  experiments  are  carried  out  in  a  UHV 
system  equipped  with  a  home-made  STM,  LEED 
optics,  and  a  Ge  deposition  source.  The  base 
pressure  of  the  system  is  6x10“”  Torr.  The 
substrates  used  for  this  study  are  nominally  flat 
Si(OOl)  wafers,  with  an  actual  miscut  angle  of 
0.04°.  Thermal  cleaning  of  the  substrates  is  car¬ 
ried  out  by  DC  heating  to  1550  K  [13].  The 
sample  temperature  is  measured  with  an  IR 
pyrometer.  The  Ge  deposition  source  is  a  DC- 
heated  wafer  and  the  deposition  rate  is  determined 
by  measuring  the  surface  coverage  of  Ge  after  a 
submonolayer  is  deposited  onto  the  substrate  at 
470  K,  a  temperature  at  which  only  a  negligible 
amount  of  adatoms  is  lost  to  surface  steps  [14]. 

The  sample  is  quenched  to  room  temperature 
immediately  after  deposition  and  then  transferred 
in  situ  to  the  STM.  All  scans  are  carried  out  at 
room  temperature  at  which  no  change  in  the 
surface  structure  can  be  observed  even  after  several 
hours  of  scanning. 


3.  Submonolayer  growth;  anisotropies  in  surface 
migration  and  sticking  to  steps 

The  anisotropies  in  surface  migration  of 
adatoms  and  their  interactions  with  surface  steps 
can  be  studied  by  the  analysis  of  denuded  zones  in 
the  spatial  distribution  of  the  islands  formed  by 
deposition.  A  denuded  zone  is  a  striped  area  on 
the  surface  along  a  step  where  the  island  density  is 
lower  than  that  far  away  from  the  step,  which  is 
formed  because  adatoms  arriving  from  the  vapor 
and  landing  near  the  step  can  diffuse  and  stick  to 
it  before  colliding  with  each  other  to  form  islands 
on  the  terrace.  The  length  of  a  denuded  zone 
depends  on  the  following  factors:  how  fast 
adatoms  migrate  on  the  surface;  to  what  degree 
the  step  acts  as  sink  for  adatoms;  whether  a  large 
energy  barrier  exists  at  the  step  for  adatoms  to 


cross.  By  choosing  specific  step  configurations, 
one  can  study  each  of  these  factors  separately. 

If  a  terrace  is  bounded  by  two  different  types 
of  steps,  the  relative  length  of  the  two  denuded 
zones  near  the  steps  is  determined  only  by  the 
relative  value  of  the  lateral  sticking  coefficients 
and  energy  barriers  for  crossing  the  two,  because 
the  adatom  migration  on  the  terrace  is  the  same 
toward  both  steps.  A  high  asymmetry  in  the  de¬ 
nuded  zone  lengths  will  indicate  very  different 
properties  of  the  two  types  of  steps. 

Furthermore,  if  a  step  separates  two  different 
terraces  so  that  the  diffusion  of  adatoms  toward 
the  step  on  the  two  terraces  is  along  two  different 
characteristic  surface  directions,  then  the  two  de¬ 
nuded  zone  lengths  around  this  step  will  be  differ¬ 
ent  if  diffusion  is  anisotropic.  TTte  ratio  of  the  two 
lengths  will  provide  quantitative  information  on 
the  diffusion  anisotropy.  A  condition  for  this  anal¬ 
ysis,  however,  is  that  this  step  is  not  only  a  good 
sink  but  also  a  symmetric  sink  for  adatoms,  i.e.. 
adatoms  from  either  the  up-  or  the  down-terrace 
will  stick  equally  well  upon  reaching  this  step. 
This  condition  can  be  tested  independently  by 
choosing  a  configuration  in  which  diffusion  is 
symmetric  from  above  and  below. 

The  Si(OOl)  surface  forms  a  (2  X  1)  reconstruc¬ 
tion,  with  top-layer  atoms  dimerizing  to  reduce 
the  number  of  dangling  bonds.  This  estabhshes 
two  characteristic  directions  on  the  surface:  either 
along  or  perpendicular  to  the  dimer  rows.  A  natu¬ 
ral  question  is  whether  the  surface  diffusion  of 
adatoms  is  different  in  these  two  different  direc¬ 
tions  [15,16].  Due  to  the  tetrahedral  structure  of 
silicon,  each  monatomic  step  separates  two  degen¬ 
erate  reconstruction  domains  (2X1  and  1x2  do¬ 
mains)  with  dimer  rows  perpendicular  to  each 
other.  Also  there  are  two  different  types  of  mon¬ 
atomic  steps  [17]:  one  is  perpendicular  to  the 
up-terrace  dimer  rows  and  is  called  an  Sg  step, 
and  the  other  is  parallel  to  the  up»-terrace  dimer 
rows  and  is  called  an  step.  An  alternative 
description  is  that  Sg  is  formed  at  the  end  of  the 
dimer  rows  and  at  the  side  of  the  dimer  rows. 
Because  the  energy  of  forming  kinks  in  an  step 
is  higher  than  that  in  an  Sg  step  [18],  steps  are 
typically  smooth  while  steps  are  rough  [19].  At 
issue  here  is  the  relative  magnitude  of  the  lateral 
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Fig.  1.  STM  image  of  the  spatial  distribution  of  Ge  2D  islands 
relative  to  substrate  steps,  after  -  0.2  ML  Ge  is  deposited  on 
Si(001 )  at  550  K  substrate  temperature.  The  scan  range  is 
5000  X  5000  A. 

sticking  coefficients  for  Ge  adatoms  at  these  two 
different  types  of  steps. 

To  study  these  anisotropies,  a  submonolayer 
dose  of  Ge  is  deposited  on  the  Si(OOl)  substrate  at 
temperatures  at  which  growth  is  primarily  by  is¬ 
land  formation  rather  than  by  step  flow.  Spatial 
distributions  of  2D  Ge  islands  are  observed  with 
STM.  Fig.  1  is  a  large-scale  STM  scan  showing  2D 
Ge  island  distributions  relative  to  different  types 
of  monatomic  steps.  In  the  figure,  the  third  terrace 
from  the  upper  left  (terrace  3)  is  bounded  by  Sg  to 
the  upper  left  and  S,^  at  the  lower  right  ).  It 
can  be  seen  that  the  island  density  close  to  the  Sg 
step  is  almost  zero  while  it  gradually  increa.ses 
towards  S,^,-  This  suggests  that  the  denuded  zone 
due  to  the  Sg  step  is  actually  larger  than  the  width 
of  this  terrace.  One  can  imagine  that  if  S^,  were 
moved  farther  away,  one  would  see  the  island 
density  increase  until  it  reaches  the  uniform  value 
seen  on  terrace  1.  far  enough  from  the  Sg  step. 
Terrace  1  is  essentially  the  same  as  terrace  3 
except  the  width  is  much  larger.  The  Sg  bounding 
step  is  far  out  at  the  upper  left  and  not  shown  in 
the  figure.  It  can  be  seen  that  on  this  terrace,  in 
the  area  close  to  Sa,  the  island  density  is  as  high  as 
that  far  from  it.  Therefore  we  conclude  that  Sg 
steps  (the  ends  of  dimer  rows)  are  good  sinks  for 


Ge  adatoms  and  there  is  no  large  energy  barrier 
for  adatoms  to  cross  downward  over  an  Sg  step, 
and  that  steps  (the  sides  of  dimer  rows)  are 
poor  sinks  for  adatoms.  An  interesting  point  is 
that  initially  adsorbed  Ge  adatoms  decorate  Sg 
steps  of  the  SifOOl)  substrate,  and  further  adsorp¬ 
tion  of  Ge  adatoms  is  actually  by  Sg  steps  made 
of  Ge  atoms. 

The  anisotropy  in  lateral  sticking  coefficients  of 
adatoms  at  S^  and  Sg  steps  is  also  reflected  in  the 
very  anisotropic  growth  shape  of  2D  Ge  islands, 
as  shown  in  fig.  1.  The  islands  are  long  in  the 
dimer  row  direction,  indicating  that  adatoms  stick 
to  the  end  of  dimer  rows  much  better.  Here  again 
the  steps  themselves  are  made  of  Ge  atoms.  An¬ 
nealing  of  the  growth  structure  results  in  a  much 
less  anisotropic  equilibrium  shape  [11],  which  is 
determined  by  the  ratio  of  the  free  energies  of  the 
steps,  rather  than  the  kinetic  sticking  coefficients. 

Now  we  concentrate  on  the  two  denuded  zones 
around  the  Sg  step  in  fig.  1.  It  can  be  seen  that 
they  are  not  symmetric.  The  denuded  zone  on 
terrace  2  is  much  shorter  than  the  one  on  terrace 
3.  Since  the  dimer  rows  in  terrace  3  are  perpendic¬ 
ular  to  the  step  while  the  dimer  rows  in  terrace  2 
are  parallel  to  the  step,  this  denuded  zone  asym¬ 
metry  is  clear  evidence  for  diffusion  anisotropy: 
surface  diffusion  of  Ge  adatoms  on  Si(001 )  is 
faster  along  substrate  dimer  rows  than  perpendic¬ 
ular  to  them.  By  preparing  a  sample  in  a  config¬ 
uration  in  which  steps  are  at  45°  to  the  dimer 
rows  ((100)  steps),  such  that  the  diffusion  toward 
steps  on  each  terrace  is  identical,  we  observe  that 
denuded  zones  above  or  below  each  step  have  the 
same  length,  indicating  that  Sg  steps  are  symmet¬ 
ric  sinks  for  Ge  adatoms  from  either  up  or  down 
terraces.  Steps  with  (100)  orientations  are  made 
of  alternating  and  Sg  step  segments.  However, 
as  we  have  shown  in  fig.  1.  S^  steps  are  very  poor 
sinks,  and  hence  we  can  assume  that  only  the  Sg 
segments  actually  adsorb  adatoms,  and  therefore 
the  adsorption  behavior  of  the  (100)  steps  reflects 
the  properties  of  Sg  steps. 

Comparison  of  computer  simulation  results  of 
the  dependence  of  the  denuded-zone  length  on  the 
diffusion  coefficient  with  quantitative  measure¬ 
ments  of  the  denuded  zone  asymmetry  yields  a 
diffusion  coefficient  that  is  at  least  1000  times 
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faster  along  the  dimer  rows  than  perpendicular  to 
them  [20J.  Note  that  the  fast  diffusion  direction  is 
perpendicular  to  the  long  axis  of  the  growth  shape 
of  2D  islands.  As  mentioned  earlier,  the  ani¬ 
sotropy  of  the  growth  shape  is  caused  by  the 
sticking  coefficient  anisotropy,  and  is  not  a  conse¬ 
quence  of  diffusional  anisotropy. 

The  above  results  on  the  microscopic  aspects  of 
surface  kinetics  are  all  essentially  the  same  as  for 
Si/Si(001).  A  detailed  description  of  the  denuded- 
zone  analysis  can  be  found  in  ref.  [20]. 


4.  Multilayer  growth:  kinetic  pathway  in  2D  to  3D 
tnmsition 

After  growth  of  about  3  monolayers  (ML)  at 
typical  temperatures  (e.g.,  775  K).  STM  .scans 
.show  that  the  growth  mode  is  still  two-dimen¬ 
sional.  although  with  a  rough  growth  front  that 
typically  involves  3  layers  in  a  600  x  600  A  area, 
as  shown  in  fig.  2.  This  roughness  is  reduced  after 
annealing  at  higher  temperatures  (e.g..  10  min  at 
875  K).  confirming  that  2D  growth  for  doses  less 
than  3  ML  is  an  equilibrium  structure  rather  than 
a  result  of  kinetic  limitations  [1-9]. 

Growth  beyond  3  ML  results  in  3D  i.sland 
formation.  However,  in  addition  to  the  “macro- 


Fig.  2.  STM  image  of  rouj^  2D  layers  after  3  ML  of  Ge  is 
deposited  at  -  775  K.  Scan  range  is  600  x  600  A.  Displayed  in 
the  normal  grey  scale  mode. 

scopic"  3D  islands  that  have  been  observed  previ- 
ousiy  [5-9],  we  find  a  large  concentration  of  gen¬ 
erally  much  smaller  clusters  with  well  defined 
shapes,  facet  structure,  and  orientations  distinctly 
differing  from  tho.se  of  the  “macroscopic”  ones. 
Fig.  3  shows  two  STM  images  of  these  clusters. 
The  smaller  clusters  have  predominantly  a  prism 
.shape  (with  canted  ends).  To  di.stinguish  them 
from  the  “  macroscopic”  clusters,  we  shall  refer  to 


Fig.  3.  STM  images  of  two  types  of  Ge  3D  clusters  on  SifOOl ).  (a)  A  “  macroscopic"  cluster  surrounded  by  many  "  hut"  clusters.  The 
scan  range  is  8000  x  8000  A.  The  “macroscopic"  cluster  is  -  250  A  high.  The  image  is  shown  in  a  curvature  mode,  to  remove  the 
large  height  difference,  (b)  Perspective  view  of  some  “huts"  and  a  comer  of  a  “macroscopic"  cluster.  Typical  heights  of  the  "huts" 

are  between  20  and  50  A.  The  scan  range  is  1 500  x  1 500  A. 
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them  as  “hut”  clusters.  By  detailed  STM  measure¬ 
ments,  we  determine  that  all  four  facets  of  the 
“hut”  are  {105}  planes  [21]. 

There  are  three  interesting  features  of  these 
“hut”  clusters.  One  is  the  perfection  of  the  facet 
planes.  We  never  observe  a  partially  completed 
layer  on  a  facet.  This  observation,  as  well  as  a 
second  one,  namely  that  the  number  density  of 
“huts”  increases  rapidly  while  their  size  grows 
only  slowly  with  the  Ge  dose,  is  in  accord  with 
well  known  concepts  about  the  stability  of  low- 
energy  surfaces,  for  which  a  nucleation  process  is 
required  for  each  new  layer  but  once  this  occurs, 
the  layer  completes  very  rapidly.  The  third  feature 
of  the  “hut”  clusters  is  their  generally  elongated 
base  shape  and  their  orientations.  Because  all  four 
facets  are  the  same,  they  must  have  the  same 
surface  free  energy  and  sticking  coefficient  for 
arriving  atoms.  The  prism  axes  are  at  45°  to  the 
dimer  row  directions,  and  therefore  the  Si  sub¬ 
strate  does  not  provide  any  preference  in  terms  of 
surface  stress  or  anisotropic  diffusion.  One  possi¬ 
ble  explanation  for  the  elongated  shapes  is  that 
<100)  steps  (running  45°  to  the  dimer  row  direc¬ 
tions),  formed  in  the  2D  Ge  layers  during  growth, 
act  as  nucleation  sites.  There  are  two  orthogonal 
sets  of  these  steps,  corresponding  to  the  principal 
axes  of  the  clusters  we  observe.  We  have  made 
limited  STM  measurements  on  samples  miscut 
toward  (100)  by  2.5°  that  appear  to  support  this 
idea  of  the  role  of  (100)  steps.  “Hut”  clusters 
predominantly  form  with  their  principal  axis 
aligned  parallel  to  these  steps.  Because  the  step 
density  in  these  samples  is  greater,  the  number 
density  of  “huts”  is  much  larger  and  their  size 
reduced  [20a].  However,  additional  measurements 
will  be  required  to  confirm  this  explanation. 

In  addition,  several  observations  indicate  that 
the  “hut”  clusters  are  a  metastable  and  inter¬ 
mediate  phase  between  the  2D  layers  and  “macro¬ 
scopic”  3D  clusters.  The  “hut”  clusters  form  pref¬ 
erentially  at  low  growth  temperatures,  T  <  800  K. 
Growth  at  850  K  results  in  only  “macroscopic” 
clusters.  Upon  annealing  at  850  K  for  10  min 
almoiu  all  “hut”  clusters  formed  at  low  growth 
temperatures  vanish  and  more  “macroscopic” 
clusters  form.  Furthermore  the  concentrations  of 
the  “hut"  and  "macroscopic”  clusters,  formed  at 


7  <  800  K,  are  drastically  different,  being,  for 
example,  7  x  10'°  and  3.8  x  lO’cm"^,  respectively 
for  the  conditions  shown  in  fig.  3.  Hence,  it  ap¬ 
pears  that  the  formation  barrier  is  much  lower  for 
the  “hut”  clusters  than  for  the  “macroscopic” 
clusters. 

Therefore  we  propose  the  following  scenario. 
The  “macroscopic”  clusters  are  the  final  equi¬ 
librium  state.  The  “hut”  clusters  form  more  easily 
and  hence  preferentially  nucleate  first.  “Hut” 
nucleation  slows  as  their  concentration  gets  large 
and  the  available  (100)  step  sites  for  nucleation 
decrease.  We  suggest  that  the  consequent  increase 
in  the  supersaturation  of  Ge  adatoms  causes  the 
nucleation  of  the  “macroscopic”  clusters.  The 
“huts”  therefore  provide  an  easy  way  for  3D 
structures  to  appear  at  the  surface  initially,  and 
consequently  delay  the  onset  of  the  formation  of 
the  “macroscopic”  clusters.  This  idea  of  a  compe¬ 
tition  between  “hut”  and  “macroscopic”  clusters 
is  supported  by  the  measurement  of  the  con¬ 
centration  of  “macroscopic”  clusters  after  deposi¬ 
tion  to  the  same  dose  of  Ge  as  that  in  fig.  3,  but  at 
850  K  substrate  temperature.  In  this  case,  “hut" 
clusters  are  not  observed,  but  the  concentration  of 
“macroscopic”  clusters  is  6.3  X  10’  cm“’,  larger 
than  that  in  fig.  3.  contrary  to  the  typical  relation 
between  island  number  density  and  the  growth 
temperature  in  a  diffusion-limited  growth  process. 
We  believe  that  this  is  because  the  “  huts”  are  not 
stable  at  this  growth  temperature  and  therefore 
the  supersaturation  of  Ge  adatoms  is  kept  higher, 
forcing  nucleation  of  more  of  the  “macroscopic” 
clusters. 


5.  Conclusions 

We  have  used  STM  to  investigate  the  initial  growth 
of  Ge  on  Si(OOl).  By  analyzing  the  spatial  distri¬ 
bution  of  2D  Ge  islands  after  submonolayer  de¬ 
position,  we  measured  the  anisotropies  both  in 
surface  diffusion  and  in  the  lateral  sticking  coeffi¬ 
cients  of  Ge  adatoms  at  different  types  of  steps. 
We  find  that  surface  diffusion  of  Ge  on  Si(OOl)  is 
very  anisotropic,  with  the  fast  direction  being  along 
the  substrate  dimer  rows.  The  two  types  of  mona¬ 
tomic  steps  are  found  to  have  very  different  lateral 
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sticking  coefficients  for  Ge  adatoms:  steps  are 

good  sinks,  while  steps  are  poor  sinks. 

A  metastable  “hut”  cluster  phase  is  found  to 
provide  a  kinetic  pathway  for  the  transition  be¬ 
tween  the  2D  Ge  layers  and  “macroscopic”  3D 
clusters.  The  “hut”  clusters  have  {105}  facet 
planes,  and  they  preferentially  nucleate  at  (100) 
steps.  The  nucleation  barrier  for  the  “huts”  is 
lower  than  that  of  the  “macroscopic”  clusters,  and 
therefore  they  provide  an  easier  way  for  accom¬ 
modating  Ge  adatoms  from  the  gas  phase  than  the 
direct  formation  of  the  “macroscopic”  clusters. 
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Si/'Ge  and  Sn/Ge  heterostructures  and  short-period  superlattices  are  grown  by  a  modified  molecular  beam  epitaxy  (MBH) 
technique  on  Si  and  Ge  substrates.  Low  energy  electron  diffraction  and  Auger  electron  spectroscopy  are  used  in  order  to  optimize  the 
growth  conditions  with  respect  to  interface  roughness,  segregation  and  intermixing.  Transmission  electron  micrographs  reveal  that  the 
interface  quality  of  short  period  superlatlices  is  improved  by  substrate  temperature  modulation  during  deposition.  For  Si/Ge 
superlattices  we  use  a  temperature  range  between  250  and  400®C.  However,  due  to  the  extreme  tendency  of  Sn  to  segregate  on  the 
film  surface,  it  is  necessary  to  further  decrease  the  substrate  temperature  during  overgrowth  of  the  Sn  layers.  The  optimized  growth 
conditions  for  high-quality  Sn/Ge  superlattices  were  found  to  be  in  the  temperature  range  between  45  and  300  ®  C.  It  is  demonstrated 
that  low  temperatures,  low  growth  rates,  and  temperature  variations  during  deposition  of  the  individual  layers  in  MBE  open  the 
p<issibiliiy  to  synthesize  structures  far  beyond  thermodynamic  equilibrium  conditions. 


I.  Introduction 

Heterostructures  and  superlattices  (SLs)  based 
on  the  group  IV  elements  Si.  Ge  and  a-Sn  are  of 
fundamental  interest  due  to  the  prospect  of  novel 
physical  phenomena  and  of  device  applications. 
The  basic  properties  can  be  tailored  in  a  wide 
range  by  the  structural  parameters  like  layer  thick¬ 
ness.  composition  and  lateral  strain  distribution 
(1).  The  band  gap  of  Si/Ge  strained  alloy  layers  or 
SLs,  for  example,  covers  the  energy  range  from  1.1 
to  about  0.55  eV  [2-4].  Sn,Ge|_  ,  alloys  are  ex¬ 
pected  to  have  a  band  gap  tunable  from  0.75  eV  to 
zero.  Especially  in  the  compositional  range  of 
0.2  <  .V  <  0.6.  a  direct  band  gap  semiconductor  is 
predicted  (5).  The  Brillouin  zone  reduction  in 
Si/Ge  [6.7]  and  Sn/Ge  [8.9]  short  period  SLs 
leads  to  additional  changes  of  the  band  structure. 
Pioneering  work  on  Si/SiGe  heteroepitaxy  has 
been  performed  by  Kasper  et  al.  [10].  The  lattice 
mismatch  of  about  4%  between  Si  and  Ge,  how¬ 
ever.  turned  out  to  cause  problems  in  growth, 
especially  for  SiGe  alloys  with  increased  Ge  con¬ 
centrations.  The  limited  thickness  for  lattice 
matched  growth,  the  transition  from  two-dimen¬ 
sional  to  three-dimensional  growth  mode  and  Ge 


segregation  are  the  main  difficulties.  Bean  and 
coworkers  made  an  essential  step  forward  by 
lowering  the  growth  temperature  [11],  In  order  to 
achieve  high  quality  short  period  SLs,  further 
modifications  of  the  MBE  conditions  were  neces¬ 
sary  [12-14]. 

The  difference  in  the  lattice  constants  of  a-Sn 
and  Ge  is  about  13%.  Besides  the  critical  thickness 
for  pseudomorphic  growth  of  SnGe  alloys  on  Ge, 
there  are  two  further  difficulties  which  must  be 
considered.  The  solid  solubility  of  the  two  materi¬ 
als  in  each  other  is  less  than  1%  and  there  is  a 
strong  tendency  of  Sn  to  segregate  on  the  alloy 
surface  even  at  substrate  temperatures  as  low  as 
150°C  [15].  The  latter  aspects  inhibit  the  fabrica¬ 
tion  of  Sn-rich  alloy  layers  {x  >  0.2)  lattice 
matched  to  Ge  or  GaAs  substrates  [15-17],  This 
means  that  realization  of  both  Si/Ge  and  Sn/Ge 
SLs  requires  non-equilibrium  epitaxial  growth 
conditions  and  in  some  cases  also  a  large  tempera¬ 
ture  variation  during  deposition  of  the  individual 
layers. 

We  use  a  specially  designed  MBE  system 
equipped  with  in  situ  analysis  -  low  energy  elec¬ 
tron  diffraction  (LEED)  and  Auger  electron  spec¬ 
troscopy  (AES)  -  to  optimize  the  growth  condi- 
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tions.  In  this  contribution  we  first  present  LEED 
and  AES  investigations  on  the  formation  of  the 
Si/Ge  and  Ge/Si  interface.  Based  on  these  results 
a  variation  of  the  substrate  temperature  was  used 
to  synthesize  high  quality  Si/Ge  SLs  on  (001)  Si 
and  Ge  substrates.  In  the  last  part  we  briefly 
discuss  the  growth  of  short  period  Sn/Ge  SLs  on 
(00! )  Ge. 


2.  Si/Ge  heferostructures 

The  MBE  system  is  equipped  with  a  rear  view 
LEED  system  combined  with  a  Vidicon  camera 
and  AES  to  obtain  information  about  the  mor¬ 
phology  and  the  chemical  composition  of  the 
surface.  As  a  Si  source,  we  use  a  specially  designed 
sublimation  cell.  Ge  and  Sn  are  evaporated  from 
conventional  Knudsen  type  effusion  cells.  We  use 
extremely  low  growth  rates  of  about  1-  5  A/min 
or  less.  The  pressure  during  gro-  T  s  within  the 
10“"  mbar  region.  The  substr:"’",  is  heated  by 
radiation.  A  very  importar  f‘  .ure  is  the  capabil¬ 
ity  to  cool  the  substrate  liolder  alternatively  with 
water  or  liquid  nitrogen.  This  allows  precise  tem¬ 
perature  control  and  rapid  variation  down  to  very 
low  temperatures.  For  more  details  about  the  MBE 
system,  see  rets.  (14,18).  Typical  growth  tempera¬ 
tures  (Tg)  for  Si/Ge  and  Sn/Ge  SLs  are  in  the 
range  of  250  to  400  °  C  and  40  to  300  °  C,  respec¬ 
tively. 

In  order  to  determine  the  optimum  growth 
temperature  for  the  individual  interfaces,  we  per¬ 
formed  detailed  LEED  and  AES  measurements. 
First  we  studied  the  surface  flatness  and  the  inter¬ 
face  sharpness  of  one  monolayer  (ML)  Si  on  (001) 
Ge  and  1  ML  Ge  on  (001)  Si  as  a  function  of  T^. 
Fig.  1  shows  the  mean  terrace  width  measured  by 
spot  profile  analysis  in  a  Vidicon  based  LEED 
system  following  the  concept  of  Henzler  [19].  The 
mean  terrace  width  is  beyond  the  detection  limit 
of  about  200  A  of  our  system  for  1  ML  Si  on  Ge 
grown  at  =  350  °  C  and  decreases  to  about  70  A 
at  Tg  =  250  °  C.  For  1  ML  Ge  on  Si  there  is  a 
maximum  in  surface  flatness  in  the  temperature 
range  of  310  to  360  ®C.  However,  the  mean  ter¬ 
race  width  is  considerably  smaller  in  this  case. 
Additionally,  the  measured  mean  terrace  widths  of 
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substrate  temperature  (  °C  ) 

Fig.  1.  Mean  lerrace  width  on  the  surface  of  Si  (001)  and  Ge 
((X)l)  homoepitaxial  layers  and  for  I  ML  Si  on  Ge  (001)  and  1 
ML  Ge  on  Si  ((X)l )  as  a  function  of  the  growth  temperature. 


Si  and  Ge  homoepitaxial  layers  grown  at  these  low- 
temperatures  are  shown  in  fig.  1.  Optimum  surface 
quality  is  achieved  at  450  “  C  and  about  700  °  C  for 
Ge  and  Si  homoepitaxy,  respectively.  These  higher 
temperatures  are  used  for  growth  of  appropriate 
homoepitaxial  buffer  layers  on  Si  or  Ge  substrates 
before  we  deposit  the  superlattice  structures  on 
top  of  it.  Fig.  2  .shows  the  condensate/substrate 
ratio  of  the  AES  intensities  of  the  Si(92  eV)  and 
Ge(47  eV)  lines  as  a  function  of  for  1  ML  Ge 
on  (001)  Si  (fig.  2a)  and  ]  ML  Si  on  (001)  Ge  (fig. 
2b).  The  escape  length  of  the  Auger  electrons  is 
5.5  A  for  Si(92  eV)  and  7.5  A  for  Ge(47  eV).  The 
dashed  and  the  pointed  arrows  mark  the  expected 
Auger  ratio  of  ideal  atomically  sharp  heterostruc- 


subatrate  temperature  (  °C  ) 

Fig.  2.  Normalized  condensate/substrate  ratio  of  the  AES 
intensities  of  the  Si(92  eV)  and  Ge(47  eV)  lines  as  a  function  of 
growth  temperature;  (a)  for  1  ML  Ge  on  Si  (001),  (b)  1  ML  Si 
on  Ge  (001)  and  (c)  2  ML  Sin  ^Gcj,  ,  alloy  on  Ge. 
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Fig.  3.  Relative  change  of  the  lateral  lattice  constant  as  a  function  of  thickness  for  (a)  Ge  on  Si  (001)  (right  scale)  and  (b)  Si  on  Ge 
(001 )  substrate  (left  scale).  The  growth  temperature  was  7"^  =  310  °  C  for  both  heteroepitaxial  layers. 
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lures.  For  1  ML  Ge  on  Si  we  observe  a  deviation 
from  the  ideal  ratio  at  >  330  °  C.  At  higher 
temperatures,  intermixing  and  three-dimensional 
growth  occurs.  The  AES  results  for  1  ML  Si  on  Ge 
substrate  in  fig.  2  indicate  a  deviation  from  the 
ideal  curve  (dashed  arrow)  already  at  280  °C. 
TTiis  is  basically  due  to  Ge  segregation  on  the  Si 
layer  [20,21],  At  higher  temperatures,  intermixing 
must  also  be  taken  into  account  [14],  As  a  com¬ 
parison,  we  also  included  the  measured  AES  ratio 
for  2  ML  Sio  sGco  s  alloy  grown  at  Tg  =  300 “C  on 
Ge  (fig.  2c).  It  indicates  the  sensitivity  of  this 
method.  The  measured  value  corresponds  to  the 
signal  obtained  from  nominally  1  ML  Si  on  Ge 
grown  at  7^  =  350  °  C. 

The  information  in  figs.  1  and  2  as  well  as 
similar  AES  and  LEED  measurements  within 
pseudomorphic  Si/Ge  SLs  on  Si  and  Ge  sub¬ 
strates  demonstrate  that  Tg  should  be  kept  at 
about  280  and  320  °  C  during  the  formation  of  the 
Si/Ge  and  the  Ge/Si  interface,  respectively,  in 
order  to  achieve  maximum  interface  abruptness 
and  still  relatively  large  lateral  uniformity.  LEED 
spot  profile  analysis  is  also  used  as  a  sensitive 
instrument  to  follow  the  lateral  lattice  constant  of 
the  structures  and  thus  the  relaxation  process  with 
increasing  thickness  by  evaluating  the  spot  sep¬ 
aration  [18].  Fig.  3  shows  the  relative  change  of 
the  lateral  lattice  constant  as  a  function  of  the 
thickness  for  Ge  on  ((X)l)  Si  (fig.  3a)  and  for  Si  on 
((X)l)  Ge  (fig.  3b)  grown  at  rg  =  310°C.  Parallel 
to  these  measurements,  we  again  determined  the 
mean  terrace  width  for  both  heterostructures  as 
plotted  in  fig.  4.  The  Ge  overlayer  adapts  to  the 


lattice  constant  of  the  Si  substrate  up  to  6  ML 
[22],  However,  the  mean  terrace  width  is  only 
about  50  A  for  the  first  three  ML  Ge  and  then 
decreases  with  increasing  thickness.  Three-dimen¬ 
sional  (3D)  growth  occurs  beyond  6  ML  (Stran- 
ski-Krastanov  growth  mode).  The  surface  quality 
improves  again  after  30  ML  Ge.  A  nearly  smooth 
surface  is  regained  after  the  deposition  of  about 
100  ML.  The  Ge  film  then  provides  a  lateral 
lattice  constant  which  is  about  3.1%  larger  than 
that  of  the  Si  substrate,  that  means,  the  Ge  film  is 
partly  relaxed.  The  width  of  the  region  of  3D 
growth  (additional  LEED  spots  owing  to  facets) 
and  the  level  of  Aa/a^^  depend  strongly  on  the 
growth  temperature.  At  higher  temperatures  there 
is  a  much  stronger  tendency  to  island  formation 
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Fig.  4.  Mean  terrace  width  on  the  surface  of  Si  on  Ge  (001) 
and  Ge  on  Si  (001)  as  a  function  of  the  thickness  of  the 
corresponding  layer.  The  growth  temperature  was  7^  -  310  ®C. 
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[23,24].  The  behaviour  of  Si^Ge,  alloys  on  Si  is 
similar,  but  the  beginning  of  island  formation  is 
shifted  towards  larger  thicknesses  depending  on 
the  Ge  content  [25], 

The  change  of  the  lateral  lattice  constant  as 
well  as  the  flatness  of  the  surface  for  Si  on  (001) 
Ge  is  also  demonstrated  in  figs.  3b  and  4,  respec¬ 
tively.  Up  to  about  8  ML,  the  Si  overlayer  is 
latterally  extended  by  4.2%  to  match  the  Ge  sub¬ 
strate.  For  higher  coverages,  the  Si  film  begins  to 
relax  towards  its  intrinsic  lattice  constant  by  for¬ 
mation  of  misfit  defects.  In  contrast  to  Ge,  on  Si 
there  is  no  pronounced  3D  growth  mode  at  7^  = 
310°  C.  The  mean  terrace  width  at  the  surface  is 
close  to  the  detection  limit  of  the  LEED  system 
up  to  3  ML  Si,  in  contrast  to  the  case  of  inverse 
strain  (compressive)  for  Ge  on  Si.  After  3  ML  Si 
on  Ge  there  is  a  significant  decrease  of  the  mean 
terrace  width.  Between  6  and  8  ML  Si  the  film 
starts  to  relax  as  determined  from  detailed  analy¬ 
sis  of  the  energy  dependence  of  the  LEED  spot 
profiles.  Consequently,  in  both  cases  -  Si  on  Ge 
and  Ge  on  Si  -  the  LEED  results  show  that  the 
surface  of  a  6  ML  film  exhibits  already  many 
random  steps  of  different  atomic  height,  but  the 
interface  is  still  pseudomorphic.  Therefore  6  ML 
is  the  critical  thickness  for  lattice  matched  growth 
of  Si  on  Ge  and  Ge  on  Si  substrate  (arrow  in  fig. 
4).  The  limit  of  two-dimensional  growth  is,  how¬ 
ever,  reached  already  at  3  ML  Si  (indicated  by  the 
dashed  arrow  in  fig.  4). 

The  basic  conclusion  from  figs.  3  and  4  is  that 
the  limitation  in  thickness  of  the  individual  Si 
(Ge)  layer  of  pseudomorphic  Si„Ge„  SLs  com¬ 
posed  of  m  ML  Si  and  n  ML  Ge  on  (001)  oriented 
Ge  (Si)  substrates  is  6  ML.  However,  it  is  also 
demonstrated,  that  the  best  SLs  can  be  realized  on 
Ge  substrates  if  the  thickness  of  the  Si  layers  is 
less  than  4  ML.  For  asymmetrically  strained  Si/Ge 
SLs,  a  overall  superlattice  critical  thickness  must 
be  taken  into  account,  which  limits  the  achievable 
thickness  [27],  It  depends  on  the  ratio  m/n  and 
the  growth  temperature. 

3.  Si/Ge  superfattices 

The  LEED  and  AES  measurements  discussed 
in  the  last  section  demonstrate  that  Tg  should  be 


Fig.  5.  Optimized  substrate  temperature  during  growth  of  (a)  a 
Si^ej  SL  on  Si  (001)  and  (b)  a  SijGe^  SL  on  Ge  (001) 
substrate.  The  growth  rates  are  5  A/min  for  Ge  and  1.5 
A/min  for  Si.  The  dashed  vertical  lines  mark  the  times  when 
the  shutter  of  the  Si  or  Ge  source  is  opened. 


below  325  °C  during  the  formation  of  the  inter¬ 
faces  of  Si/Ge  SLs.  On  the  other  hand,  especially 
for  Si  homoepitaxy  higher  growth  temperatures 
are  recommended  to  obtain  good  surface  flatness. 
Therefore,  best  crystalline  quality  for  short  period 
Si/Ge  SLs  can  only  be  achieved  by  variation  of  7^ 
during  deposition  of  the  individual  layers  follow¬ 
ing  the  SL  periodicity.  Fig.  5  shows  such  an  opti¬ 
mized  substrate  temperature  profile  during  growth 
of  a  pseudomorphic  Si^Ge,  SL  on  (001)  Si  (fig.  5a) 
and  a  Si3Ge9  SL  lattice  matched  to  a  (001)  Ge 
substrate  (fig.  5b).  Tlie  growth  rates  are  5  A/min 
for  Ge  and  1.5  A/min  for  Si.  The  dashed  vertical 
lines  mark  the  times  when  the  shutter  of  the  Si 
source  or  the  Ge  source  is  opened.  In  both  cases 
of  figs.  5a  and  5b  the  minimum  temperature  (Tg  = 
280  °C)  is  adjusted  at  the  time  when  the  Ge 
shutter  is  closed  and  the  Si  shutter  opens,  i.e. 
during  the  formation  of  the  Si/Ge  interface.  This 
lowering  of  the  temperature  is  necessary  to  avoid 
Ge  segregation  (see  fig.  2).  After  deposition  of 
about  3  to  4  ML  Si  on  Ge,  is  increased  slowly 
to  about  380  °C,  which  is  reached  at  8  ML  Si  (fig. 
5b).  This  is  necessary  in  order  to  achieve  reasona¬ 
ble  surface  flatness  for  Si.  According  to  fig.  1, 
even  higher  temperatures  would  be  required  for 
optimum  conditions.  However,  a  variation  of  Tg 
by  more  than  100°C  would  demand  growth  inter¬ 
ruptions  and  would  also  cause  intermixing.  The 
substrate  temperature  is  adjusted  to  rg=320°C 
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Fig.  6  TF.M  cross-sectional  bright  field  images  of  Si<)Get  SLs  on  Si  (001)  substrates.  The  samples  have  been  grown  at  different 
temperature  profiles:  (a)  225  <T^<  310  “C.  (b)  7^  =  400  °C  constant  and  (c)  280  <T^<  380  °C. 


when  the  Si  shutter  closes  and  the  next  Ge  layer 
starts.  This  is  based  again  on  the  results  shown  in 
fig.  2. 

Fig.  6  shows  TEM  micrographs  of  three  Si^Ge, 
SLs  on  (001)  Si  substrates  grown  at  different 
temperature  profiles.  The  sample  obtained  with  a 
temperature  variation  as  described  in  fig.  5a  is 
shown  in  fig.  6c.  It  provides  an  excellent  lateral 
uniformity  and  a  clear  contrast  between  the  indi¬ 
vidual  layers.  The  SL  contains  20  periods  and  has 
a  total  thickness  of  335  A.  which  is  far  below  the 
critical  thickness  of  about  (800  ±  200  A)  for  this 
SL  composition  [27].  This  means  that  the  Ge 
layers  are  lateraly  compressed  by  4%.  whereas  the 
Si  layers  are  unstrained.  In  cross-sectional  TEM 
specimens  of  this  sample,  there  was  no  indication 
of  misfit  dislocations  over  the  whole  examined 
area.  The  sample  in  fig.  6a  has  been  grown  by 
varying  the  temperature  between  =  225  °C  and 
310  °C.  Sample  6b  was  prepared  with  a  constant 
substrate  temperature  of  T^  =  400  °  C.  The  TEM 


image  in  fig.  6a  shows  sharp  and  flat  interfaces  in 
the  first  few  periods  of  the  Si^Ge,  SL.  However, 
with  increasing  thickness  the  interfaces  between 
the  individual  layers  become  more  and  more  wavy 
and  finally  the  periodic  structure  is  almost  lost. 
This  is  a  consequence  of  the  extremely  low  sub¬ 
strate  temperatures  which  have  been  used  in  this 
case.  Fig.  6b  shows  the  result  of  a  Si,,Ge,  SL 
which  was  grown  at  too  high  temperature.  The 
contrast  between  the  individual  layers  is  very  weak 
compared  to  the  two  other  samples.  This  indicates 
considerable  intermixing  between  the  individual 
layers.  In  addition,  also  misfit  defects  appear  in 
this  TEM  image.  The  surface  roughness  is  due  to 
the  increased  tendency  to  three-dimensional 
growth  with  higher  temperatures.  AES  measure¬ 
ments  which  have  been  performed  on  this  sample 
show  that  during  the  overgrowth  of  the  first  3  ML 
Ge  film  about  1.5  ML  Ge  segregate  on  top  of  the 
growing  Si  layer,  which  are  then  slowly  incorpo¬ 
rated.  This  continues  throughout  the  deposition  of 
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the  whole  SL  and  results  in  an  increased  Ge 
content  with  increasing  SL  thickness. 

Detailed  LEED,  AES,  Raman  spectroscopy  and 
TEM  studies  on  Si/Ge  SLs  which  are  lattice 
matched  to  Si  clearly  indicate  that  much  better 
interface  sharpness  can  be  achieved  by  variation 
of  the  substrate  temperature  during  growth. 

On  (001)  Ge  substrates  the  mean  terrace  width 
which  can  be  achieved  for  Si  overlayers  up  to  3 
ML  thickness  is  considerably  larger,  as  pointed 
out  in  figs.  1  and  4.  As  a  consequence,  the  inter¬ 
face  uniformity  of  short  period  Si„,Ge„  SLs  on  Ge 
is  usually  superior  to  those  on  Si  substrates,  e.spe- 
cially  for  m  <  A.  Raman  spectra  [28]  and  TEM 
micrographs  [26]  demonstrate  the  excellent  struct¬ 
ural  properties  of  the  Si/Ge  SLs  which  have  been 
grown  on  Ge  substrates  at  a  constant  temperature 
of  r^  =  310°C.  Additional  improvement  in  the 
interface  sharpness  can  be  achieved  by  using  the 
optimized  temperature  profile  for  a  Si  ,Geg  SL  on 
Ge  shown  in  fig.  5b.  At  the  Si/Ge  and  the  Ge/Si 
interface.  is  again  280  and  320  °C,  -espectively. 
The  maximum  temperature  of  about  340  °C  is 
achieved  within  the  9  ML  Ge  film.  For  Ge  homo¬ 
epitaxy  there  is  no  substantial  improvement  of  the 
surface  flatness  with  higher  temperature,  which 
would  demand  for  a  further  increase  of  this  tem¬ 
perature.  as  can  be  seen  in  fig.  1. 

4.  Sn  /  Ge  superlattices 

In  this  last  section  we  discuss  first  results  of 
MBE  growth  of  short  period  Sn/Ge  SLs.  The 
growth  temperature  of  a  SniGe,,,  SL  on  (001)  Ge 
as  a  function  of  time  is  shown  in  fig.  7.  The 
growth  rates  are  5  A/min  for  both  materials.  The 
dashed  vertical  lines  mark  the  times  when  the 
shutter  of  the  Ge  or  Sn  source  is  opened.  Within 
the  time  intervals  marked  by  crosses,  the  growth 
process  is  interrupted  to  adjust  the  appropriate 
temperature  before  the  deposition  is  continued. 
The  temperatures  during  the  formation  of  the 
interfaces  are  again  chosen  by  following  the  re¬ 
sults  of  LEED  and  AES  measurements  on  Sn/Ge 
heterostructures.  Due  to  the  lattice  mismatch  be¬ 
tween  Sn  and  Ge  of  about  13^,  the  critical  thick¬ 
ness  for  Sn  on  (001)  Ge  is  only  2  ML.  The  extreme 


time  (  mrn  1 


Fig.  7.  Growth  temperature  of  a  Sn.Cje.i,  SL  on  Ge  (001) 
substrate  as  a  function  of  time.  The  growth  rates  are  5  ,A/min 
for  Ge  and  Sn  The  dashed  vertical  lines  mark  the  times  when 
the  shutter  of  the  Ge  or  Sn  source  is  opened.  Within  the  time 
intervals  marked  by  crosses  the  growth  prtxiess  is  interrupted 
to  change  the  temperature. 

tendency  of  Sn  to  .segregate  on  the  Ge  film  during 
overgrowth  demands  a  minimum  temperature  of 
less  than  50 °C  at  the  Ge/Sn  interface.  The  Sn 
.segregation  on  the  surface  increases  drastically 
with  the  growth  temperature  of  the  Ge  layer  as 
measured  by  AES  [29].  For  good  epitaxial  growth 
of  Ge.  it  is  on  the  other  hand  necessary  to  go  to 
=  250  °  C.  As  a  compromize  we  varied  by 
about  200° C  during  deposition,  as  shown  in  fig. 
7.  This  considerable  temperature  variation  is 
achieved  within  a  reasonable  time  by  effective 
cooling  of  the  substrate  holder  with  liquid  nitro¬ 
gen.  Fig.  8  shows  a  TEM  cros.s-sectional  image  of 
a  20  period  Sn^Gei,,  SL  on  ((X)l)  Ge  substrate. 
The  temperature  profile  shown  in  fig.  7  has  been 
recorded  during  growth  of  this  sample.  The  dark 
and  bright  lines  correspond  to  the  Sn  and  Ge 
layers,  respectively.  The  SL  is  lattice  matched  to 


Fig.  8.  TEM  cross-sectional  bright  field  image  of  a  20  period 
SnjGein  SL  on  Ge  (001)  substrate.  The  sample  was  grown  with 
the  temperature  profile  shown  in  fig.  7. 
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the  Ge  substrate.  This  means  that  the  Sn  layers 
are  lateraly  compressed  by  12.8%.  Despite  the 
large  variation  of  during  growth,  there  exists 
still  considerable  intermixing  at  the  Sn/Ge  inter¬ 
face.  The  results,  however,  demonstrate  that  far 
away  from  thermodynamic  equilibrium  condi¬ 
tions,  it  is  possible  to  achieve  new  kinds  of  SLs 
which  consist  of  extremely  dissimilar  materials 
like  a-Sn  and  Ge. 


5.  Conclusions 

We  have  demonstrated  that  short  period  Si/Ge 
and  Sn/Ge  SLs  can  be  realized  on  Si  and  Ge 
substrates  by  low  temperature  MBE.  Detailed 
LEED  and  AES  measurements  were  performed  to 
determine  the  optimum  growth  parameters  for  the 
different  heterostructures.  Based  on  these  results 
and  additional  ex  situ  characterization  techniques 
like  TEM  and  Raman  spectroscopy,  it  is  possible 
to  optimize  the  temperature  modulations  during 
growth  in  order  to  achieve  nearly  atomically  sharp 
interfaces  and  high  quality  short  period  super¬ 
lattices. 
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The  interfaces  in  strained-layer  Si„Ge„  superlattice  (SLs)  characterized  by  X-ray  diffraction,  Raman  scattering  and  scanning 
tunneling  microscopy  are  shown  to  deviate  from  the  idealized  form  assumed  in  most  calculations  on  electronic  and  optical  properties. 
Electron  microscopic  investigations  reveal  that  along  the  interfaces  there  exist  thin  regions  of  ordered  alloys.  In  Si-rich  SLs.  the 
structure  of  these  regions  is  dominated  by  growth-induced  rhombohedral  RS2  order,  whereas  with  increasing  Ge-content  the  fraction 
of  RSI  domains  becomes  larger.  The  RSI  structure  is  found  to  be  reversible,  while  the  RS2  structure  is  not.  Theoretical  models, 
taking  into  account  either  growth  kinetics  or  ground  state  properties,  cannot  explain  all  of  the  observed  features. 


1.  Introducrion 

The  structure  of  the  interfaces  in  semiconduc¬ 
tor  superlattices  (SLs)  may  have  a  profound  effect 
on  their  optical  and  electrical  properties.  In  theo¬ 
retical  calculations  interfaces  are  often  considered 
to  be  ideal,  i.e.  perfectly  flat  and  abrupt  and  free 
of  any  defects.  Experimentalists,  however,  are 
often  plagued  by  considerable  deviations  from 
ideality.  This  is  true  in  particular  for  strained-layer 
systems  like  Si/Ge  which  for  years  were  difficult 
to  control  [1].  One  of  the  main  challenges  in  this 
field  are  ultra-short  period  SLs  composed  of  alter¬ 
nate  layers  of  pure  Si  and  Ge  with  thicknesses 
approaching  monolayer  dimensions.  Following  the 
first  attempts  of  Bevk  and  coworkers  [2]  to  fabri¬ 
cate  such  SLs  on  Si(lOO)  and  increasing  number  of 
research  teams  has  joined  the  effort  [3], 

Meanwhile  short-period  Si„Ge„  SLs  grown 
pseudomorphically  on  Si(lOO)  and  GeflOO)  have 
indicated  [4,5]  the  new  optical  transitions  expected 
theoretically  [6,7],  Thickness  limitations  [1]  im¬ 
posed  by  the  lattice  mismatch  of  4.2%  have  led  to 
the  concept  of  strain  symmetrization  [8].  In  this 


approach,  thick  Si„,Ge„  SLs  are  grown  on  a 
Si,_j.Ge,  alloy  buffer  layer  with  a  lattice  constant 
intermediate  between  those  of  Si  and  Ge.  Al¬ 
though  photoluminescence  results  obtained  on  this 
kind  of  structure  have  also  been  interpreted  in 
terms  of  band  structure  effects  [9],  the  elucidation 
of  the  electronic  structure  has  remained  unsatis¬ 
factory  until  now,  due  to  the  high  defect  density 
(>10’  cm  “)  at  the  surface  of  relaxed  buffer 
layers  [lOj.  We  present  here  a  detailed  study  of  the 
interface  structure  of  Si„,Ge„  SLs,  lattice-matched 
to  either  Si(lOO)  or  to  various  Sii_^Ge,  buffer 
layers  including  pure  Ge  (x  =  1).  The  investiga¬ 
tion  has  been  triggered  by  the  surprising  discovery 
of  atomic  ordering  along  the  interfaces  [11]  which 
appears  to  be  analogous  to  the  ordering  in  strained 
and  unstrained  Si,_,Ge^  alloys  [12-14], 


2.  Experimental 

Details  of  the  MBE  growth  procedure  have 
been  given  elsewhere  [15,16].  All  heterostructures 
have  been  grown  on  the  two  domain  (2x1)-  and 
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(1  X  2)-reconstructed  Si(lOO)  surface.  The  sub-  transmission  electron  microscope  (Philips  CM  30). 

strate  temperatures  7^  ranged  from  673  to  750  K  equipped  with  a  +30°  tilting  goniometer. 

for  the  growth  of  all  SLs.  For  the  Si,  ^  ,Ge,  buffer 

layers.  was  chosen  as  high  as  possible,  but 

sufficiently  low  (typically  <  820  K)  to  avoid  3.  Results 

surface  roughening  [IS].  Buffers  of  Ge  with  good 

crystalline  quality  (etch  pit  density  <10*cm“‘)  The  quantitative  characterization  of  interfaces 

were  obtained  by  growing  the  first  ~  0.1  fim  at  becomes  increasingly  difficult  when  the  relative 

690  K  and  then  slowly  ramping  the  temperature  volume  of  the  interface  regions  increases,  i.e.  when 

up  to  800  K  and  by  annealing  at  970  K.  Defects  the  SL  period  becomes  smaller.  Therefore  results 

were  revealed  by  diffusing  Sb  (  ~  10'’  cm^’)  to  a  on  high-resolution  XRD  are  scarce;  this  is  perhaps 

depth  of  ~  0.2  gm  and  a  subsequent  HF  etch.  due  in  part  to  the  difficulty  to  observe  the  high- 

The  growth  rates  for  the  SLs  were  varied  between  angle  SL  satellites  for  periods  below  typically  3 

0.05  and  0.1  nm/s,  depending  on  the  substrate  nm  [20].  Raman  scattering  from  longitudinal  (LO) 

and  T(,.  For  SLs  lattice-matched  to  Si  a  suffi-  optic  phonons  has  become  an  important  tool  for 

ciently  high  Ge  growth  rate  (~0.1  nm/s)  was  interface  characterization.  The  spectra  are  domi- 

found  to  be  crucial  in  order  to  avoid  the  forma-  nated  by  a  three-mode  structure  attributed  to 

tion  of  islands.  All  SLs  and  buffer  layers  were  mainly  Ge-Ge.  Ge-Si  and  Si-Si  vibrations,  with 

examined  by  Rutherford  backscattering  (RBS)  and  energies  increasing  in  the  same  order.  The  exact 

X-ray  diffraction  (XRD)  in  order  to  determine  the  positions  of  the  Raman  peaks  depend,  however, 

composition  and  the  amount  of  strain  relaxation  on  strain,  alloying  and  confinement  effects  [9.16. 

as  well  as  the  degree  of  crystalline  perfection.  For  21-23],  all  of  which  have  to  be  separated  if 

the  RBS  and  channeling  experiments.  2  MeV  He'  quantitative  statements  are  to  be  made.  Interface 

ions  were  used.  Most  XRD  measurements  were  abruptness  is  often  judged  qualitatively  by  corn- 

carried  out  on  a  conventional  computer-controlled  paring  the  height  of  the  Si-Ge  peak  with  that  of 

powder  diffractometer  equipped  with  a  bent  quartz  the  other  two  peaks.  Since,  with  decreasing  layer 

crystal  monochromator  allowing  nearly  complete  thickness,  the  relative  peak  intensities  become 

suppression  of  the  Cu  Ka,  line.  A  few  SLs  grown  dominated  by  resonance  effects,  this  method  is 

on  Si(lOO)  were  characterized  by  high  resolution  not  free  from  ambiguities. 

XRD  u.sing  both  symmetric  and  a.symmetric  Bragg  As  an  example,  fig.  1  presents  the  Raman  spec- 

reflections.  X-ray  topography  in  combination  with  tra  of  a  31  period  Si  ,Ge.,  SL  grown  on  a  relaxed  2 

the.se  measurements  showed  that  these  structures  /tm  thick  Ge  buffer  layer  at  Tj,  =  673  K.  The  la.ser 

are  pseudomorphic  and  free  of  defects  [17].  The  wavelengths  514  and  458  nm  have  been  chosen  for 

Raman  measurements  were  carried  out  in  back-  the  upper  and  the  lower  curve,  respectively.  Obvi- 

scattering  configuration  with  a  conventional  setup  ously,  the  intensity  ratio  between  the  Si-Ge  and 

described  in  ref.  [18].  Some  SL  surfaces  were  in-  the  Si-Si  peak  is  rather  different  in  the  two  cases, 

vestigated  with  a  special  type  of  scanning  tunnel-  It  should  be  emphasized  that  this  particular  SL  is 

ing  microscope  (STM)  [19],  in  which  the  STM  is  one  of  the  few  with  periods  below  2  nm  in  which 

l(x;ated  in  a  .separate  chamber  attached  to  the  the  high-angle  (  -  1 )  SL  satellite  has  been  observed 

analysis  chamber  of  the  MBE  system.  by  XRD  besides  the  (400)  reflection.  From  the 

For  the  electron  microscopic  investigations,  two  separation  of  the  Oth-order  SL  reflection  from  the 

different  specimen  preparation  techniques  were  Si(400)  reflection  the  Si  layers  are  found  to  be 

applied.  The  samples  were  thinned  by  ion  milling  coherently  strained.  The  question  to  what  extent 

using  argon  gas.  and,  in  order  to  ensure  that  the  the  Si  layers  are  actually  alloyed  with  Ge  is  dif- 

ob.served  diffraction  effects  were  not  due  to  ion  ficult  to  answer  on  the  basis  of  the  Raman  experi- 

beam  damage,  the  experiments  were  repeated  using  ments,  since  strain,  alloying  and  confinements  ef- 

specimens  cleaved  along  (110)  planes.  The  sp>eci-  fects  all  shift  the  Si-Si  peak  position  to  lower 

mens  were  subsequently  studied  using  a  300  kV  energies  [9,16,21-23].  A  comparison  of  the  various 
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peak  heights  would,  on  the  other  hand,  require 
detailed  modeling  [24].  The  position  of  the  Ge-Ge 
peak  yields  more  quantitative  information  in  this 
case.  It  lies  at  296.8  cm  '.  For  the  buffer  layer, 
the  corresponding  peak  is  found  to  be  at  299.4 
cm”',  somewhat  below  the  position  for  bulk  Ge 
due  to  the  expansive  strain  caused  by  the  different 
thermal  expansion  of  the  Si  substrate.  The  dif¬ 
ference  of  2.6  cm” '  must  be  attributed  to  confine¬ 
ment  or  alloying  or  to  both.  Neglecting  confine¬ 
ment  effects  puts  the  upper  limit  of  the  average  Si 
content  in  the  Ge  layers  to  -  7%.  Hence  the 
interfaces  cannot  be  considered  abrupt  on  an 
atomic  scale,  although  the  inclusion  of  confine¬ 
ment  effects  would  lower  the  upper  limit  of  1% 
somewhat.  This  follows  also  from  a  consideration 
of  the  growth  mode.  Growth  by  two-dimensional 
nucleation  of  islands  having  monolayer  height  can 
be  inferred  from  the  observation  of  RHEED  in¬ 
tensity  o,scillations  on  SLs  grown  lattice-matched 
to  Si  [25].  The  damping  of  the  oscillations  indi¬ 
cates,  however,  an  increasing  roughness  of  the 
surface  as  the  growth  continues.  An  estimate  of 
the  degree  of  roughness  which  is  to  be  expected 
for  the  present  growth  conditions  can  also  be 
obtained  from  scanning  tunneling  microscopy. 

Fig.  2a  shows  the  surface  of  the  same  Si  jGe, 
SL  as  that  presented  in  fig.  1,  terminated  by  Si. 


Raman  Shift  [1/cm] 

Fig.  1.  (a)  Raman  spectrum  of  a  31  period  Si3Ge,)  SL  (No.  557) 
grown  lallice-malched  to  a  2  fim  thick  Ge-buffer  layer  at  673 
K.  Laser  wavelength  is  514  nm;  (b)  Raman  spectrum  of  the 
same  SL  as  in  (a)  excited  at  458  nm. 


The  structure  of  the  islands  of  monolayer  height  is 
exactly  the  same  as  for  a  homoepitaxial  layer  of  Si 
grown  under  identical  conditions.  The  surface  of 
homoepitaxial  Ge  grown  in  the  same  way  as  the 
Ge  layers  in  the  SL  (rate  0.1  nm/s.  T(;  —  673  K) 
has  an  entirely  different  appearance  (fig.  2b);  the 
same  irregular  step  structure  occurs  as  for  Ge 
grown  at  higher  temperatures  in  the  step  flow 
regime.  Considering  the  observations  of  RHEED 
intensity  oscillations  at  temperatures  above  673  K 
and  for  lower  growth  rates  [25],  we  have  to  assume 
that  in  the  present  case  all  Ge  atoms  in  two-di¬ 
mensional  islands  have  diffused  towards  the  step 
edges  during  cool-down.  Our  STM  results  there¬ 
fore  do  not  allow  us  to  describe  the  microscopic 
surface  structure  of  the  Ge  layers  during  the 
growth  of  a  SL.  The  Si/Ge  interface,  on  the  other 
hand,  is  probably  microscopically  rough  due  to 
the  presence  of  a  large  number  of  monolayer  steps 
such  as  those  shown  in  fig.  2a. 

For  SLs  lattice-matched  to  Ge.  “sharp”  inter¬ 
faces  have  been  obtained  at  much  smaller  growth 
rales  and  lower  substrate  temperatures  [9.22.26]. 
Our  own  experiments  indicated  that  at  around 
720  K  substantial  interdiffusion  or  “intermixing" 
during  growth  cannot  be  prevented,  even  for  de¬ 
position  rates  around  0.1  nm/s.  At  the  same  time, 
however,  the  morphology,  i.e.  planar  grow'ih.  could 
be  controlled.  The  situation  is  different  for  struc¬ 
tures  lattice-matched  to  Si  for  which  there  is  com¬ 
pelling  evidence  that  Ge  lends  to  form  clusters, 
and  this  poses  the  major  growth  technological 
problem.  “Sharp”  interfaces  can,  however,  be  ob¬ 
tained  if  the  Ge  deposition  rates  are  chosen  suffi¬ 
ciently  high.  As  an  example,  the  Raman  spectrum 
of  a  25  period  SL  grown  at  T^;  =  730  K  is  shown 
in  fig.  3.  The  thickness  of  the  Ge  layers  is  clo.se  to 
the  critical  value  of  6  ML  for  pseudomorphic 
growth  [2].  Since  (quasi-)  confinement  effects  in 
Ge  layers  of  this  thickness  are  small  [16,23],  the 
Ge-Ge  mode  is  affected  primarily  by  strain  and 
alloying.  The  obsers'ed  position  of  the  re.solution- 
limited  peak  at  315  cm  '  is  consistent  with  pure 
Ge  layers  strained  to  the  Si  lattice  constant  [16,23], 
the  shoulder  on  the  low  energy  side  of  the  Ge-Ge 
peak  and  the  size  of  the  Si-Ge  peak  reflect  the 
presence  of  thin  alloyed  regions  at  the  interfaces. 
From  high  resolution  XRD  the  size  of  lhe.se  re- 
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gions  is  estimated  to  be  of  the  order  of  1  ML  [17]. 
Reducing  the  Ge  deposition  rate  to  0.05  nm/s, 
two-dimensional  growth  could  no  longer  be  main¬ 
tained  at  the  same  substrate  temperature. 


The  results  on  SLs,  lattice-matched  to  Si  or  Ge, 
indicate  that  excellent  crystalline  quality  and  rea¬ 
sonably  sharp  interfaces  can  be  obtained  if  the 
thicknesses  are  below  the  critical  values  estab- 


Fig.  2.  (a)  Scanning  tunneling  microscope  (STM)  image  of  the  Si^Ge,  SL  No.  557  terminated  by  Si;  (b)  STM  image  of  Ge  grown 
homoepitaxially  on  a  2  fim  Ge  buffer  layer  at  the  same  temperature  and  growth  rates  as  SL  No.  557  (673  K.  O.t  nm/s). 
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BMian  Shift  [1/cm] 

Fig.  3.  Raman  spectrum  of  SL  No.  232  grown  lattice-matched 
to  Si  at  730  K.  Excitation  wavelength  514  nm. 

lished  by  People  and  Bean  for  growth  at  550  “C 
[27],  Unfortunately,  this  is  not  the  case  for  strain- 
symmetrized  SLs  grown  on  alloy  buffer  layers.  In 
this  case  all  results  known  from  XRD  and  RBS 
channeling  reveal  poor  crystallinity  compared  with 
the  case  of  elemental  substrates  [16,20],  This  is 
due  exclusively  to  the  essentially  unsolved  prob¬ 
lem  of  preparing  a  relaxed  alloy  buffer  layer  with 
good  morphology  and  low  defect  density  [10,16]. 
The  sharpness  of  interfaces  in  symmetrically 
strained  SLs  does  not  suffer  to  the  same  extent  as 
long  as  growth  temperatures  are  kept  low  enough, 
typically  at  673  K  or  below  [8,9,16,26,28]. 

All  results  presented  so  far  indicate  that,  irre¬ 
spective  of  the  substrate  and  the  growth  proce¬ 
dure,  the  interfaces  in  elemental  Si/Ge  SLs  can¬ 
not  be  considered  sharp  on  a  monolayer  scale. 
This  is  corroborated  by  transmission  electron  mi¬ 
croscopy  (TEM),  which  also  proves  that  the  inter¬ 
diffusion  zones  along  the  interfaces  are  not  simply 
random  alloys  but  ordered  structures  [11].  As  an 
example.  Tig.  4a  shows  a  selected  area  electron 
diffraction  pattern  (SAD)  obtained  on  the  same 
SijGe,  SL  as  discussed  previously.  The  corre¬ 
sponding  pattern  for  a  Si-rich  strain-symmetrized 
SL.  i.e.  (Si(^Ge4)i]o,  is  displayed  in  fig.  4b.  Apart 
from  the  SL  satellites,  additional  spots  at  [|A  \k  ^f] 
are  present  for  A,  k,  /  all  odd,  as  well  as  stretdts 
through  these  spots  along  the  growth  direction. 
For  all  SLs  lattice-matched  to  Ge,  the  half-order 
spots  are  surrounded  by  SL  satellites.  SLs  grown 
on  Si  substrates  do  not  show  this  feature  and 
those  on  Si,  _^G^  only  very  weakly.  The  half-order 


spots  or  just  streaking  have  been  observed  in  all 
investigated  SLs  (at  least  18)  as  well  as  in  alloy 
buffer  layers  of  the  same  average  composition 
grown  and  investigated  for  comparison.  In  SLs  for 
which  Raman  and  high  resolution  XRD  indicate 
sharp  interfaces  within  the  limits  discussed  above, 
it  has  often  been  difficult  to  observe  the  additional 
diffraction  effects  since  in  those  cases  the  streak¬ 
ing  may  be  extremely  weak.  From  the  symmetry 
of  the  observed  SAD  patterns  doubling  of  the 
period  along  (111)  directions  can  be  concluded; 
this  has  been  explained  in  terms  of  an  alternate 
bilayer  stacking  of  Si  and  Ge  atoms,  respectively. 
There  are  two  possible  stacking  sequences.  The 
first  sequence,  SiSiGeGeSiSiGeGe,  is  character¬ 
ized  by  the  occupation  of  the  widely  spaced  {111} 
planes  with  the  same  type  of  atom  [12].  Hence¬ 
forth  this  rhombohedral  stacking  structure  will  be 
called  structure  RSI,  in  accordance  with  ref.  [29]. 
In  the  other  type  of  stacking  structure.  RS2.  the 
closely  spaced  (111)  planes  are  occupied  by  atoms 
of  the  same  kind.  In  the  original  observations  of 
order  in  Si,_^Ge^  alloys  [12,13]  structure  RS2  was 
dismissed  because  it  is  microscopically  strained 
and  therefore  is  less  stable  according  to  theoretical 
predictions  [29,30].  LeGoues  et  al.  have  shown, 
however,  that  the  RS2  phase  is  present  in  un¬ 
strained  alloys  [14].  In  order  to  determine  the 
nature  of  the  observed  order  in  the  present  case 
the  relative  intensities  of  different  diffraction  spots 
have  been  compared.  The  diffraction  patterns  can 
only  be  structurally  interpreted  by  comparing  the 
experimental  data  to  diffraction  intensities  derived 


F«.  4.  (a)  SAD  of  SL  No.  SS7  (Si^);  (b)  SAD  of  SL  No. 
273  consisting  of  110  periods  of  Si40e4  lattke-matched  to  an 
alloy  buffer  layer  of  the  same  mean  composition;  (c)  SAD  of 
SL  No.  257  consisting  of  80  periods  of  Si2Ge7  lattke-matched 
to  a  Ge  buffer  layer. 
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h-3/2.V2.-3l2)  ■  I(-3/2.1/2,l/2)  I(-3/2.iy2,-3/2)  '  h-3/2,V2,in) 


Thickness  [nm]  Thickness  (nm) 

Fig.  5,  (a)  Calculated  intensity  difference  between  the  (5^5)  and  the  (I55)  reflections  as  a  function  of  specimen  thickness  for  RSI 

order;  (b)  same  as  in  (a)  but  for  RS2  order. 


from  computer  simulations.  As  a  consequence  of 
the  dynamical  scattering  of  the  electron  beam,  a 
kinematical  calculation  is  not  satisfactory.  There¬ 
fore  the  intensities  were  determined  by  a  Bloch- 
wave  calculation  [31].  Fig.  5  presents  the  respec¬ 
tive  calculations  of  the  intensity  difference  be¬ 
tween  the  (HI)  and  the  (Hi)  reflections,  /(iH 
~  i  H )'  as  a  function  of  the  specimen  thickness, 
for  both  models  (in  arbitrary  units).  The  intensity 
of  the  (H  i)  reflection  is  always  equal  to  or  smaller 
than  /(Hi)  for  structure  RSI  (fig.  5a),  while  for 
structure  RS2,  /( H  i )  is  always  equal  to  or  greater 
than  /(Hi)  (fig-  5b).  The  intensity  of  the  (iH) 
reflection  had  to  be  used  for  this  calculation  in¬ 
stead  of  that  of  the  (iH)  reflection,  because 
otherwise  spots  which  belong  to  two  differently 
oriented  domains  would  be  compared.  A  compari¬ 
son  of  the  observed  and  the  calculated  diffraction 


patterns  shows  that  the  RS2  structure  dominates 
in  the  cases  of  Si-rich  SLs  and  alloys  (fig.  4b).  In 
the  case  of  mere  streaking  such  as  observed  in  SLs 
lattice-matched  to  Si,  e.g.  in  the  one  discussed  in 
fig.  3,  an  unambiguous  assignment  of  the  interface 
structure  is  not  possible.  In  symmetrically  strained 
SLs,  however,  that  assignment  is  possible  since  in 
this  case  the  additional  spots  are  sharp  (fig.  4b). 

With  increasing  Ge-content  the  contribution  of 
RSI  domains  by  volume  becomes  more  important 
(fig.  4c).  This  follows  also  from  the  structural 
changes  induced  by  annealing.  In  all  specimens, 
i.e.  SLs  as  well  as  alloys,  SAD  patterns  indicate 
that  the  RS2  domains  vanish  upon  annealing  to 
7^  >  820-850  K.  The  RSI  domains  in  Ge-rich 
samples,  however,  can  be  assumed  to  persist  above 
this  temperature  range.  Fig.  6a  shows,  as  an  exam¬ 
ple,  the  SAD  pattern  of  an  80  period  Si2Ge7 


Fig.  6.  (a)  SAD  pattern  of  SL  No.  2S7  ($12067  grown  lattice-matched  to  Ge  at  720  K  and  annealed  to  870  K  for  30  min);  (b)  SAD 
pattern  of  the  partly  relaxed  SioMOe^.j]  aa  grown  alloy  No.  500;  (c)  SAD  pattern  of  alloy  No.  500  after  annealing  to  970  K  for  30 
min);  (d)  SAD  pattern  of  alloy  No.  500  after  annealing  to  970  K  for  4  h. 
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(nominal  composition)  SL,  lattice  matched  to  Ge 
after  annealing  to  870  K  for  ih.  Whereas  the  SL 
satellites  have  vanished,  the  half  order  spots  due 
to  the  RSI  structure  are  still  present.  It  should  be 
emphasized  that  the  relatively  high  growth  tem¬ 
perature  of  this  SL,  i.e.  720  K,  leads  to  apprecia¬ 
ble  interdiffusion.  The  as-grown  SL  is  thus  com¬ 
posed  of  Si,_^Ge,  instead  of  pure  Si  layers. 
Accordingly,  the  ordering  effects  appear  veiy 
clearly  in  the  SAD  patterns. 

All  ordered  domains  vanish  eventually  when 
the  samples  are  heated  to  above  1070  K  and 
cooled  down  rapidly.  Upon  slow  cooling,  however, 
the  RSI  structure  reappears,  and  this  proves  that 
the  corresponding  phase  transition  is  reversible.  In 
fig  6b-6d,  the  SAD  patterns  obtained  on  a  Si-rich 
Si,  _  ,Ge,  alloy  are  presented  for  the  as-grown  case 
(fig.  6b),  after  annealing  to  970  K  for  30  min  only 
(fig.  6c)  and  after  prolonged  (4  h)  annealing  at  970 
K  (fig.  6d).  The  as-grown  sample,  as  indicated  by 
the  SAD  pattern,  has  pronounced  RS2  ordering 
(fig.  6b),  and  this  ordering  completely  disappears 
after  annealing  to  970  K  (fig.  6c).  When  the  same 
sample  is  annealed  at  970  K  for  a  long  time, 
however,  RSI  order  is  found  to  reappear  (fig.  6d). 


4.  Discussion 

As  has  been  discussed  in  the  preceding  section, 
the  interfaces  in  strained-layer  Si„Ge„  SLs  can  be 
assumed  to  consist  of  domains  of  RSI  and  RS2 
order  instead  of  being  atomically  sharp.  Since 
similar  observations  have  been  made  on  SLs  grown 
at  even  lower  temperatures  [32,33],  it  may  be 
concluded  that  the  observed  features  are  of  gen¬ 
eral  significance  and  have  to  be  related  to  the 
growth  process.  Results  obtained  by  other  groups 
on  Ge  segregation  at  surprisingly  low  tempera¬ 
tures  point  in  the  same  direction  [34-36].  The  first 
model  for  the  process  of  ordering  induced  by 
surface  growth  kinetics  has  been  put  forth  by 
LeGoucs  et  al.  [37].  These  authors  have  explained 
the  RS2  type  order  in  their  relaxed  alloy  layers  by 
site-dependent  surface  stresses  associated  with  the 
(2x1)  surface  reconstruction  [38J.  From  this  it 
follows  that  there  is  a  tendency  for  Si  and  Ge 
atoms  to  occupy  alternate  sites  in  the  third  and 


fourth  monolayers  in  such  a  way  that  equal  atoms 
lie  above  one  another.  Monte  Carlo  simulations 
performed  for  alloys  lattice-matched  to  Ge  sub¬ 
strates  [39]  indicate  that  for  this  case  the  site-de- 
p»endent  occupation  in  the  third  monolayer  is  al¬ 
most  completely  absent.  Accordingly,  the  prefer¬ 
ence  for  RS2  type  order  is  much  less  pronounced; 
and  this  explains  our  observations  for  Ge-rich 
samples.  One  serious  drawback  of  the  model  pro¬ 
posed  by  LeGoues  et  al.  is  that  the  assumption  of 
growth  by  the  motion  of  bilayer  steps  [37]  is  hard 
to  reconcile  with  observations  of  RHEED  inten¬ 
sity  oscillations  implying  monolayer  growth  [25], 
Moreover,  the  model  cannot  explain  the  observed 
reversibility  of  the  transition  to  the  RSI  structure. 
Recently,  Mader  et  al.  [40]  have  shown  that  order, 
confined  to  a  few  monolayers,  can  occur  at  inter¬ 
faces  despite  bulk  instability  of  the  resulting  phase. 
The  model  takes  into  account  both  strain  and 
chemical  effects,  which  generally  compete  with 
each  other  in  lattice-mismatched  systems.  In  su¬ 
perlattices,  the  mutual  elastic  interaction  between 
interfaces  can  even  further  enhance  the  stability  of 
confined  order.  As  in  other  ground  state  models 
[29,30],  the  RSI  structure  is  found  to  be  more 
stable,  although  in  the  presence  of  an  interface 
even  RS2-type  order  becomes  more  favorable 
compared  with  the  corresponding  bulk  phase.  Even 
though  growth-related  aspects  are  neglected  in  this 
model,  it  does,  at  least,  provide  a  valid  description 
of  elastic  interface  interaction  once  the  interfaces 
have  been  formed.  The  model  can  therefore  ex¬ 
plain  the  absence  of  streaking  in  the  SAD  patterns 
of  the  short-period  SLs,  since  interface  interaction 
causes  the  order  to  be  a  truly  three-dimensional 
phenomenon. 


5.  Conclusions 

On  the  basis  of  the  available  experimental  data, 
it  is  concluded  that  interfaces  in  strained-layer 
Si„Ge„  SLs  are  characterized  by  ordered  alloyed 
regions  instead  of  being  sharp  on  a  monolayer 
scale.  Whereas  for  SLs  and  alloys  with  cell  param¬ 
eters  close  to  that  of  Si,  growth-induced  RS2  order 
is  dominant,  the  fraction  of  RSI  domains  becomes 
larger  with  increasing  Ge  content.  At  present. 
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theoretical  models  taking  into  account  either 
growth  kinetics  or  ground  state  properties  can  at 
best  explain  part  of  the  experimental  observations. 
In  order  to  account  for  the  occurrence  of  both 
ordered  structures,  one  of  which  (RSI)  is  found  to 
be  reversible,  a  model  combining  growth-related 
aspects  and  ground  state  properties  has  to  be 
developed. 
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Si^Ge,  strained  monolayer  superlattices  (SMSs)  have  been  fabricated  by  molecular  beam  epitaxy  (MBE)  and  characterized  using 
photoluminescence  (PL)  for  optical  properties  and  using  Raman  scattering  and  X-ray  diffraction  to  verify  their  structural  integrity. 
Luminescence  features  below  the  Si  energy  bandgap  have  been  observed  and  attributed  to  cither  dislocations  in  the  buffer  layer  or  to 
energy  band  transitions  in  the  SMS.  The  effect  of  rapid  thermal  annealing  (RTA)  on  the  superlattice  structure  and  on  these 
transitions  is  reported  and  a  model  is  proposed  to  explain  the  obtained  results. 


1.  introduction 

Advances  in  SiGe-MBE  have  allowed  the 
growth  of  high  quality  Si„Ge„  SMSs.  Due  to  the 
4.2%  lattice  mismatch  between  Si  and  Ge.  layers 
of  either  material  can  be  pseudomorphically  grown 
only  up  to  a  critical  thickness.  The  lattice  mis¬ 
match,  on  the  other  hand,  causes  pseudomorphi¬ 
cally  grown  layers  to  be  strained,  which  can  be 
positively  exploited  for  engineering  the  optical 
properties  of  SMSs.  Also,  the  strain  of  the  con¬ 
stituent  layers  of  a  superlattice  may  be  symme¬ 
trized  through  the  use  of  a  buffer  layer  of  the 
appropriate  Ge  concentration  [IJ.  In  this  manner, 
SMSs  do  not  have  the  limitation  of  a  critical 
thickness. 

The  concept  of  achieving  a  direct  bandgap 
material  by  virtue  of  combining  two  indirect 
bandgap  materials  to  form  a  superlattice  was  first 
recognized  by  Gnutzmann  and  Clausecker  [2].  The 
observation  of  new  optical  transitions  in  a  Si4Ge4 
SMS  by  means  of  electroreflectance  spectroscopy 
[3|  triggered  a  lot  of  interest  and  intensified  the 
efforts  towards  understanding  the  nature  of  the 
bandgap  of  SMSs.  The  properties  of  Si^Ge„  SMSs 
have  been  examined  theoretically  [4]  and,  with  the 
proper  choice  of  the  superlattice  periodicity  and 
the  strain  conditions,  were  found  to  be  promising 
candidates  for  direct  bandgap  materials. 

PL  has  become  a  very  important  tool  in  study¬ 
ing  the  optical  properties  of  Si„Ge„  SMSs.  After 


Eberl  and  coworkers  [5]  observed  luminescence  in 
SijGe,  superlattices  with  different  thicknesses,  a 
lot  of  effort  has  been  directed  towards  the  study 
of  the  luminescence  dependence  on  the  periodicity 
and  the  strain  conditions  of  the  superlattice  [6.7]. 

In  this  paper,  we  study  the  luminescence  of 
strain  symmetrized  Si„,Ge„  superlattices.  We  at¬ 
tribute  the  observed  PL  to  either  dislocations  in 
the  buffer  layer  or  to  energy  band  transitions  in 
the  SMS.  We  also  study  the  effect  of  RTA  on  the 
superlattice  structure  and  on  these  transitions. 


2.  Experimental 

The  Si„,Ge,  SMSs  have  been  grown  by  SiGe- 
MBE  at  380  °C.  The  details  of  the  grow'th  can  be 
found  elsewhere  [8].  Two  superlattices.  Si,2Gex 
and  Si,6Ge4,  each  grown  on  a  SiosGe,,!  buffer 
layer,  have  been  investigated.  The  buffer  layer  is 
designed  to  be  fully  relaxed  (2  jum  thick)  so  that 
strain  symmetrization  in  the  superlattice  can  be 
achieved.  The  strain  distribution  is  identical  for 
both  samples  and  is  calculated  to  be  =  0.8% 
and  tcjt~  ~3.2%.  The  total  superlattice  thickness 
is  3000  A  for  both  SMSs. 

PL  data  were  taken  at  4.2  K.  Samples  were 
cooled  in  a  helium  storage  cryostat.  All  the  lines 
of  an  argon  ion  laser  were  used  for  excitation  and 
the  beam  was  focused  on  the  sample  to  a  power 
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Fig.  1.  PL  spectra  of  (a)  Si;2Gex  SMS,  showing  the  Si  exciton 
and  a  broad  low  energy  feature,  and  (b)  Sii(,Ge4  SMS,  .show* 
mg.  in  addition,  a  peak  at  1.026  eV  and  a  shoulder  at  0.%5  eV. 

density  of  8  W/cm'.  Emitted  light  was  collected 
and  then  dispersed  with  a  0.5  m  spectrometer  and 
detected  by  a  liquid  nitrogen  cooled  Ge  detector. 
Signals  were  then  measured  using  a  standard  lock- 
in  technique. 

3.  Results  and  discussion 

The  PL  spectrum  for  the  32  X  8  SMS  is  shown 
as  curve  (a)  of  fig.  1.  We  observe  the  Si  substrate 
bound  exciton  at  1.096  eV  and  a  broad  low  energy 
feature  around  0.9  eV.  Curve  (b)  shows  the  spec¬ 
trum  for  the  16x4  SMS.  In  addition  to  the  fea¬ 
tures  observed  for  the  32  x  8  SMS,  a  strong  sharp 
(33  meV  FWHM)  peak  at  1.026  eV  and  a  shoulder 
a  0.965  eV  emerge.  These  seem  to  originate  from 
the  SMS  and  not  from  the  buffer  layer  since  both 
samples  have  the  same  buffer  layer.  The  buffer 
layer,  with  a  20%  Ge  concentration,  should  have  a 
bandgap  of  1.06  eV  [9],  if  we  assume  that  it  is 
totally  relaxed.  This  transition,  however,  is  not 
ob.served  in  the  PL  spectrum  of  either  sample. 

To  verify  that  the  peak  and  the  shoulder 
originate  from  the  superlattice  and  not  from  the 
buffer  layer,  chemical  etching  was  employed  to 
gradually  remove  the  16x4  SMS  and  the  PL 
spectra  were  obtained  after  each  etching  step.  The 
results  are  shown  in  fig.  2.  The  original  spectrum 
is  repeated  as  curve  (a)  for  convenience.  When 


half  the  SMS  is  removed,  curve  (b)  is  obtained. 
Notice  that  the  1.026  eV  peak  intensity  drops  by 
about  50%  and  that  the  0.965  eV  shoulder  be¬ 
comes  softer.  When  the  SMS  is  totally  removed, 
the  peak  and  the  shoulder  both  disappear,  as 
shown  in  curve  (c),  and  the  spectrum  becomes 
very  similar  to  the  32  x  8  SMS  spectrum  of  fig.  1 . 

The  low  energy  feature  observed  in  the  spectra 
of  both  samples  is  due  to  dislocations  in  the  buffer 
layer  [10,11].  Although  undesirable,  these  disloca¬ 
tions  are  unavoidable  since  the  buffer  layer  thick¬ 
ness  exceeds  the  critical  thickness,  creating  misfit 
dislocations  at  the  buffer  layer/'.,ubstiate  interface 
that  partially  propagate  through  the  buffer  layer. 
These  dislocations  may  be  responsible  for  quench¬ 
ing  the  bandgap  luminescence  of  the  buffer  layer 
(10]. 

RTA  was  then  employed  to  monitor  the  peak 
and  the  shoulder  of  the  16X4  SMS  as  a  function 
of  annealing  temperature.  Different  pieces  cut 
from  the  same  wafer  were  annealed  at  tempera¬ 
tures  ranging  from  600  to  950  °C  for  a  period  of 
60  s  each.  Fig.  3  shows  the  evolution  of  the  peak 
as  a  function  of  annealing  temperature.  We  can 
see  that  low  temperature  RTA  (up  to  750 °C) 
enhances  the  peak  intensity  and  slightly  moves  the 
peak  to  higher  energy.  RTA  at  higher  tempera¬ 
tures  reduces  the  peak  intensity  and  considerably 
moves  the  peak  to  higher  energy.  The  peak  eventu¬ 
ally  disappears  upon  a  9(X)°C  RTA.  (Although 
not  shown  here,  the  shoulder  follows  the  same 


Fig.  2.  PL  spectra  of  Si,^Ge4  SMS  with  (a)  no  etching,  (b)  half 
the  SMS  being  removed  and  (c)  the  whole  SMS  being  removed. 
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Fig.  3.  F.volulion  of  the  peak  of  Si,t,Ge4  SMS  as  a  function  of 
annealing  temperature  for  (a)  no  RTA.  (b)  600®C  RTA.  (c) 
700°C  RTA.  (d)  750°C  RTA.  (e)  800*^0  RTA  and  (f)  850°C 
RTA. 


behavior.)  The  enhancement  of  the  observed  tran¬ 
sitions  alter  a  low  temperature  RTA  could  be 
attributed  to  carrier  lifetime  improvement  or  to 
Uxalization  of  electronic  states  (due  to  interface 
mixing)  [12],  Further  study,  however,  needs  to  be 
done  to  understand  the  underlying  mechanism. 

To  study  the  structural  variations  of  the  16x4 
SMS  as  a  function  of  annealing  temperature.  Ra¬ 
man  scattering  and  X-ray  diffraction  have  been 
u.sed.  Fig.  4  shows  the  effect  of  RTA  on  the  folded 
transverse  acoustic  modes  of  the  Raman  spectrum. 
Curve  (a)  of  the  as-grown  sample  shows  the  first 
and  .second  order  modes  at  90  and  178  cm 
respectively.  After  a  7(X)°C  RTA,  the  spectrum 
does  not  change,  as  shown  in  curve  (b).  After  a 
800  °C  RTA,  however,  the  second  ordei  peak  dis¬ 
appears  and  the  first  order  peak  decreases  in  in¬ 
tensity.  The  effect  of  RTA  on  the  X-ray  .spectrum 
is  shown  in  fig.  5.  Five  satellites  are  present  in  the 
spectrum  of  the  as-grown  sample,  indicative  of 
sharp  interfaces.  There  is  no  noticeable  change 
upon  a  700” C  RTA  and  only  a  slight  decrease  in 
the  magnitude  of  the  satellites  after  a  8{X)°C 
RTA.  A  900  °C  RTA,  however,  causes  a  lot  of 
interdiffusion,  and  only  two  satellites  can  be  ob¬ 
served.  All  of  these  indicate  that  there  is  only 
minimal  interdiffusion  for  low  temperature  RTA. 


High  temperature  RTA  (800  °C  and  higher),  how¬ 
ever,  causes  considerable  interdiffusion  and  a  loss 
of  interface  sharpness. 

To  explain  the  effect  of  RTA  on  the  optical 
transitions  observed  for  the  16x4  SMS,  we  pro¬ 
pose  the  model  of  fig.  6.  In  the  as-grown  sample, 
interface  mixing  is  minimal  and  the  Si/Ge  inter¬ 
faces  are  sharp,  as  shown  in  fig.  6a.  Due  to  high 
temperature  RTA-induced  interdiffusion,  what 
used  to  be  a  Si/Ge  superlattice  becomes  a 
Si/SiGe/Ge/SiGe  superlattice,  as  .shown  in  fig. 
6b,  where  the  thickne.ss  of  the  SiGe  layers  in¬ 
creases  with  temperature.  The  energy  band  di¬ 
agram  has  been  constructed,  based  on  this  model, 
for  different  SiGe  layer  thicknesses.  These  layers 
have  been  assumed  to  have  a  50%  Ge  concentra¬ 
tion,  for  simplicity,  and  the  energy  band  offsets 
have  been  obtained  from  the  calculations  of  Van 
de  Walle  and  Martin  [13].  Using  the  Kronig-Pen- 
ney  model  to  calculate  the  energy  band  transi¬ 
tions,  it  was  found  that  the  closest  transition  to 
the  observed  1.026  eV  peak  occurs  between  the 
LH  (n  =  1)  and  the  X2  (n  =  1)  bands  and  that  this 
transition,  and  the  other  energy  transitions  as  well, 
shift  to  higher  energy  as  the  SiGe  layer  thickness 
increases,  or.  equivalently,  as  the  annealing  tem- 


Fig.  4.  Folded  acoustic  phonon  Raman  spectrum  of  Sii^GCj 
SMS  (a)  before  RTA.  (b)  after  a  700  "C  RTA  and  (c)  after  a 
800  °C  RTA. 
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Fig.  5.  Evolution  of  the  X-ray  diffraction  spectrum  of  Si,«Ge,  SMS  as  a  function  of  annealing  temperature.  Shown  are  the  spectra  for 

no  RTA,  TOOT  RTA,  800 'C  RTA  and  900“ C  RTA. 
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Tig.  iJftvi  ot  RlA-inJuccd  iiUcrrdiriuMon  tm  the  siruclural 
and  Li'iupoMt;itnal  propcriicN  and  on  the  band  diagram  of  the 
sLipcrlattiee.  i:i)  >lunMng  no  inicrdiffuMon  and  idcaii/cd  energv 
hand  and  (b>  ««hosMng  con>iderable  intcrdifl'uMon  and  ap- 
prtvMinaie  energy  band. 

perature  increases,  as  ua>  obtained  I'rom  the  PL 
measurements. 


4.  Conclusion 

PL  spectra  have  been  obtained  for  Si  t-Oe..,  and 
Si,|,Ge4  SMSs  grown  on  a  strain  symmetrizing 
Si,,<C}e„  .  buffer  layer.  Broad  low  energy  features 
base  been  attributed  ti'  disli'cations  in  the  buffer 
layer  of  both  samples.  I  he  spectrum  of  the  16x4 
SMS  also  shows  a  peak  at  1.026  eV  and  a  shoulder 
at  0.965  eV.  both  of  which  have  been  attributed  to 
energy  band  transitions  in  the  supcriattice.  Low 
temperature  annealing  has  been  shown  (1)  not  to 
affect  the  interface  sharpness  of  the  superlattice. 


(2)  to  enhance  the  luminescence  of  the  observed 
transitions  and  (3)  to  move  them  slightly  to  higher 
energy.  Higher  temperature  annealing,  on  the  other 
hand,  causes  (1)  considerable  interdiffusion  and  a 
loss  of  interface  sharpness,  (2)  a  decrease  in  the 
luminescence  of  the  transitions  and  (3)  a  consider¬ 
able  shift  of  these  transitions  to  higher  energy. 
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Structure  dependence  of  photoluminescence  in  Ge„/Si„, 
strained-layer  superlattices 
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and  Sadafumi  Yoshida 
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Ge„/Si„,  strained-layer  superlatlices  (SLSs)  grown  on  Si(OOl)  substrate  by  molecular  beam  epitaxy  using  phase-kx:ked  epitaxy 
method  were  investigated  by  X-ray  diffraction,  transmission  electron  micrograph  (TEM).  and  photoluminescence.  In  the  TKVi  image, 
neither  threading  dislocations  nor  Ge  clusters  were  observed  over  the  whole  superlattice  area.  In  the  sub.straie.  however,  misfit 
disUxaiions  due  to  lattice  mismatch  between  superlaitice  and  substrate  were  observed.  The  photoluminescence  spectra  of  Ge„/'Si 
(w  =  4.  5.6)  SLSs  exhibited  an  intense  emission  peak,  while  Ge„/Si4„  (/;  =  2.  4.  6)  SLSs  showed  ni>  inien.se  emi.s.sion.  This  result 
indicates  that  the  optical  properties  of  the  Ge„/Si,„  SLS  strongly  depend  not  only  on  the  superlaitice  periodicity  but  also  on  the 
thickness  ratio  of  Ge  to  Si. 


1.  Introduction 

Silicon  is  not  suitable  for  optical  devices  since 
its  optical  transition  probability  is  small  due  to  the 
indirect  band  gap.  However,  recent  development 
in  molecular  beam  epitaxy  (MBE)  techniques 
makes  it  possible  to  fabricate  an  artificial  crystal 
structure,  giving  us  a  chance  to  overcome  this 
problem.  Gnutzmann  and  Clausecker  proposed  to 
introduce  a  periodic  one-dimensional  potential 
into  materials  with  indirect  optical  band  gaps  (e.g.. 
Si  or  Ge)  and  theoretically  predicted  that  the 
folding  of  conduction  band  minima  into  the  T 
point  enhances  the  optical  transition  probability 
[IJ.  Pearsall  et  al.  observed  new  intense  transition 
peaks  at  0.76  and  1.25  eV  in  an  electroreflectance 
measurement  on  a  strained-layer  superlattice  (SLS) 
of  (Ge4/Si4)s  grown  on  Si(OOl)  [2].  This  experi¬ 
ment  stimulated  .several  theoretical  works  to  ex¬ 
plain  the  result,  but  their  conclusions  were  con¬ 
troversial  [3-10].  Recently  some  promising  experi¬ 
mental  results  have  been  reported.  Zachai  et  al. 
have  observed  an  intense  emission  peak  at  around 
0.84  eV  in  the  photoluminescence  .spectrum  of 
Ge4/Si^  SLS  on  GeSi  alloy  (001)  substrate  [11]. 
which  suggests  a  direct  transition.  Strong  evidence 
has  been  reported  by  us  that  Ge4/Si,;  SLS  on 


Si(OOl)  exhibits  inten.se  emission  around  0.8  eV 
and  its  absorption  coefficient  follows  the  curse 
typical  of  a  direct  optical  transition  [12}. 

In  the  present  study,  two  series  of  SLSs.  Ge,,/ 
Si,„  and  Ge„/Si4„.  were  grown  on  Si(OOl)  sub¬ 
strate  by  MBE  to  examine  the  .superlattice  struc¬ 
ture  dependence  of  the  photoluminescence  spec¬ 
tra.  These  superlattice  structures  were  investigated 
by  X-ray  diffraction  and  transmi.ssion  electron 
micrograph  (TEM).  The  Ge„/Si  SLSs  exhibit  an 
inten.se  emission,  while  Ge„/Si4„  SLSs  show  no 
intense  emis.sion.  The  results  indicate  that  the 
luminescent  property  of  the  Ge„/Si  SLS  strongly 
depends  not  only  on  the  superlattice  periodicity, 
but  also  on  the  thickne.ss  ratio  of  Ge  to  Si. 


2.  Experimental 

The  substrates  used  were  well  oriented  Si((X)l) 
(  <  0.1°  )  and  prepared  to  form  a  2  x  1  single-do- 
main  -Structure  [13].  Ge„/Si,„  SLSs  were  grown  by 
MBE  methixl  at  a  growth  temperature  of  400 °C. 
During  the  growth  of  Ge  and  Si  layers,  reflection 
high-energy  electron  diffraction  (RHEED)  inten¬ 
sity  o.scillations  were  ob.served  to  control  layer 
thickness  preci.sely  [15].  d  he  growth  periods  of  Si 
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(~  0.2  ML/s)  and  Ge  (~  0.05  ML/s)  were  con¬ 
stant  during  the  growth.  The  total  number  of 
atomic  layers  of  the  SLSs  was  about  1100  mona¬ 
tomic  layers  (ML),  which  corresponds  to  a  thick¬ 
ness  of  -  150  nm.  To  protect  the  SLS  layers  from 
oxidation,  a  100  ML  Si  capping  layer  was  grown 
on  them.  The  photoluminescence  measurements 
were  carried  out  at  4.2  K  in  liquid  He  using  a  488 
nm  line  of  an  Ar*  laser  as  an  excitation  light,  and 
the  emission  signals  were  detected  by  a  Ge  detec¬ 
tor  cooled  with  liquid  nitrogen.  Details  of  the 
sample  preparation  and  optical  measurement  con¬ 
ditions  have  been  described  elsewhere  [12-15]. 
Part  of  the  high  resolution  electron  microscopic 
experiment  was  carried  out  by  400  kV  electron 
microscopy  at  the  Kyushu  University. 


3.  Results  and  discussion 

Fig.  1  shows  typical  RHEED  intensity  oscilla¬ 
tions  observed  during  the  growth  of  Ge4/Si,;  SLS. 
In  the  phase-locked  epitaxy  (PLE)  technique, 
oscillations  in  the  RHEED  intensity  are  used  to 
control  the  growth  period  of  Si  and  Ge.  The 
oscillation  damped  during  the  Ge  growth  and 


<1 00>  azimuth,  4  mrad 


Fig.  I.  Typical  RHEED  inlen.sity  usciilalions  observed  during 
the  growth  oF  a  Ge4/Si|2  SLS.  The  glancing  angle  of  the 
electron  beam  wa.s  4  mrad  in  the  azimuth  of  (100) 


Diffraction  Angle  20  (degree) 

Fig.  2.  The  X-ray  diffraction  spectrum  of  the  Ge4/Si,.  SLS 
grown  on  a  Si(001 )  substrate. 


recovered  during  the  Si  growth,  and  it  was  ob¬ 
served  sequentially.  This  fact  suggests  that  the 
surface  was  roughened  during  the  growth  of  Ge 
and  was  smoothed  out  by  the  Si  overgrowth.  With 
the  help  of  this  oscillation  recovery  effect,  the  PLE 
method  is  applied  for  Ge4/Si,2  SLS  up  to  a  total 
thickness  of  about  130  ML  (-  17  nm).  After  the 
RHEED  intensity  oscillation  had  damped,  a 
time-control  method  was  adapted.  The  growth  in¬ 
terval  time  was  precisely  calibrated  from  the 
RHEED  intensity  oscillation. 

The  SLSs  were  examined  by  using  X-ray  dif¬ 
fraction  with  CuKa  radiation  Fig.  2  shows  a 
diffraction  pattern  of  the  Ge4/Si,-  SLS.  The  dif¬ 
fraction  peaks  were  observed  at  20  =  4.02°  and 
8.08°.  These  peaks  are  attributed  to  (001)  and 
(002)  diffraction  peaks  of  its  superlattice  structure 
respectively,  which  indicates  that  the  Ge4/Si,-  SLS 
structure  was  fabricated  as  designed.  The  super¬ 
lattice  structures  of  the  other  SLS  samples  were 
also  confirmed  in  the  same  way. 

Fig.  3  shows  the  cross  sectional  view  of  the 
Gci/Si,!  SLS  grown  on  Si(OOl).  Neither  threading 
dislocations  nor  Ge  clusters  were  observed  over 
the  whole  super'.attice  area,  although  the  total 
thickness  of  the  SLS  (  ~  150  nm)  is  larger  than  the 
critical  thickness  (-100  nm)  of  the  alloy 
Ge„2,Si„75.  which  nominally  has  the  same  com¬ 
position  as  Ge4/Si,2  SLS.  Black  and  white  vertical 
fringes  (-10  nm)  were  observed  in  the  super¬ 
lattice  region,  which  is  attributed  to  the  strain 
introduced  by  lattice  mismatch  between  super- 
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Fig.  3.  A  transmission  electron  microscopy  (TEM)  image  of  the  Ge4Sii;  SLS  grown  on  a  SilOOl )  substrate. 


lattice  and  substrate.  Also,  misfit  dislocations  were 
observed  in  the  Si  substrate. 

Fig.  4  shows  the  photoluminescence  spectra 
measured  for  Ge4/Si|,.  Ge,/Si,5  and  Ge^/Sii^ 
SLSs  at  4.2  K.  The  spectrum  of  Ge(,/Si|^  SLS 
showed  two  types  of  peaks;  one  type,  labeled  as 
D,  and  D,.  are  particularly  sharp  peaks  with  a 
peak  width  of  -  2  meV.  and  the  other  type, 
labeled  as  El.  is  an  intense  peak  with  a  peak  width 
of  20-30  meV.  These  peaks  are  observed  in  the 
spectrum  of  Ge„/Sii„  SLSs.  As  the  parameter  n 
increased,  the  energy  of  peak  El  shifted  lower. 
Meanwhile,  the  peak  positions  of  D,  and  D,  were 
unchanged.  Further,  the  larger  the  parameter  n. 
the  more  remarkable  the  peaks  were.  These  results 
indicate  that  peak  El  and  peaks  D,.  D,  are  due  to 
different  origins. 

The  energy  of  emission  peaks  at  807  meV  (D,) 
and  873  meV  (Dj)  observed  in  our  experiment 
coincide  with  the  peaks  due  to  relaxed  dislocation 
in  Si  [16).  and  peaks  like  D,  and  Dj  are  observa¬ 
ble  in  the  spectrum  of  a  G«^/Si,^  SLS  whose  Ge 
layers  thickness  is  almost  equal  to  the  critical 
thickness  [17.18].  Therefore,  peaks  D,  and  D2  are 
due  to  dislocations  caused  by  lattice  mismatch 
between  the  Si  substrate  and  the  SLS.  In  fact,  in 
the  TEM  image  of  Ge4/Si,2  SLS.  we  observed 
misfit  dislocations  in  the  Si(OOl)  substrate.  From 
these  results,  it  is  concluded  that  the  origin  of 


Fig.  4.  Typical  phololuminescence  spectra  measured  for  the 
Gcj/Siij  and  the  Gev,/Si|H  SLS  at  4.2  K.  Peak  El  is  attributed 
to  a  direct  optical  transition  and  peaks  D,  and  D,  are  attri¬ 
buted  to  misfit  dislocation  in  the  Si(001 )  sub.straie. 
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peaks  D,  and  Dj  is  a  misfit  dislocation  in  the 
Si(OOl)  substrate. 

On  the  other  hand,  the  intense  emission  of  peak 
El  is  considered  to  be  different  from  defect  re¬ 
lated  emission.  The  absorption  coefficient  of 
Ge4/Si,2  SLSs  followed  a  {hv  —  E^f''^/hv  law, 
where  hp  is  the  energy  of  incident  light  and  is 
the  band  gap  energy.  The  band  gap  energy  esti¬ 
mated  from  the  absorption  coefficient  curve  was 
found  to  be  just  below  the  energy  position  of  peak 
El  [12].  These  results  provide  evidence  that  the 
emission  peak  El  is  due  to  a  direct  optical  transi¬ 
tion. 

In  comparison  to  the  Ge„/Si,„  SLSs.  the 
Ge„/Si4„  SLSs  exhibited  only  a  weak  broad  emis¬ 
sion  band  in  the  spectral  region  between  700  and 
900  meV.  This  fact  shows  that  the  optical  proper¬ 
ties  of  the  Ge„/Si„  strongly  depend  not  only  on 
the  superlattice  periodicity  but  also  on  the  thick¬ 
ness  ratio  of  Ge  to  Si.  In  general,  the  number  of 
Ge  atomic  layers  in  superlattice  unit  cell  strongly 
influences  the  band  structure.  In  addition,  we 
would  like  to  point  out  a  possibility  that  the  band 
structure  of  Ge„/Si„  SLS  strongly  depends  on 
strain  in  the  superlattice,  which  is  affected  by  the 
thickness  ratio  of  Ge  to  Si.  Pseudomorphic  growth 
of  Ge„/Si„  superlattice  on  Si(OOl)  makes  the  strain 
in  the  Ge  layers  compressive  in  plane,  and  conse¬ 
quently  makes  the  Ge-Ge  bond  length  shorter. 
And,  as  the  thickness  of  Ge  layers  in  the  super¬ 
lattice  increases,  the  Ge-Ge  bonds  should  tend  to 
expand  to  the  bulk  bond  length.  Actually,  the 
misfit  dislocation  in  Si(OOl)  substrate  observed  in 
our  TEM  image  is  thought  to  be  one  p  of  of  such 
a  tendency  for  Ge-Ge  bonds.  That  o  say,  the 
in-plane  expansion  of  SLS  layer  induced  the  misfit 
dislocation.  The  change  of  bond  length  in  the  SLS 
layer  should  influence  the  band  structure.  To 
clarify  the  bond  length  dependence  of  the  band 
structure  of  Ge„/Si„  SLS,  further  theoretical  and 
experimental  studies  are  needed. 

Our  results  indicate  a  great  possibility  that 
Ge^/Sij,  SLS  grown  on  Si(OOl)  has  a  direct  band 
gap.  Most  of  the  theoretical  studies  treat  only 
Ge,/Si„  SLSs  (n  —  2-6)  (3-9);  calculations  corre¬ 
sponding  to  our  sample  have  not  yet  been  re¬ 
ported.  Compared  with  the  G^/Si,  treated  in  the 
theoretical  studies,  the  periodicity  of  our  SLS  sam¬ 


ples  is  larger  and  the  extent  of  zone-folding  is 
higher.  In  the  case  of  such  large  periodicity,  the 
effect  of  such  a  long-range  potential  must  be 
considered.  In  addition,  theoretical  studies  have 
not  considered  the  following  points.  First,  the 
thickness  ratio  of  Ge  to  Si  strongly  influences  the 
length  and  angle  of  Ge-Ge  bonds  in  the  SlS 
layer.  Second,  there  should  be  a  distribution  of 
bond  lengths  and  angles  perpendicular  to  the  layer 
in  the  Ge  layer.  The  bond  length  and  angle  de¬ 
pend  also  on  the  crystal  growth  condition.  There¬ 
fore,  the  flatness  of  the  interface  between  Ge  and 
Si  layers  of  actual  Ge„/Si„  SLS  and  interdiffusion 
around  the  interface  during  growth  should  be  con¬ 
sidered. 

In  conclusion,  in  the  TEM  image  of  Ge4/Si,,. 
neither  threading  dislocations  nor  Ge  clusters  were 
observed  over  the  whole  superlattice  area.  How¬ 
ever,  in  the  Si(OOl)  substrate,  misfit  dislocations 
were  observed.  The  photoluminescence  spectra  of 
GeySij,  (n  =  4.  5.  6)  SLSs  exhibited  an  intense 
emission  peak  while  Ge„/Si4„  (/i  =  2.  4.  6)  SLSs 
showed  no  intense  emission.  Our  results  suggest  a 
possibility  that  the  Ge^/Si,^  SLSs  have  a  direct 
band  gap  and  that  the  optical  properties  of  the 
Ge„/Si„,  strongly  depends  on  the  thickness  ratio 
of  Ge  to  Si.  The  structural  conditions  for  fabricat¬ 
ing  such  properties  should  be  investigated  in  fur¬ 
ther  studies  to  clarify  the  possibility  of  direct  band 
gap  transition  caused  by  zone-folding. 
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This  paper  considers  the  low  temperature  doping  of  (100)  Si  and  SiGe  structures  with  elemental  B  and  Sb  sources  particularly 
with  regard  to  obtaining  very  narrow  delta  doping  spikes,  B  is  found  to  be  an  excellent  dopant  at  SiGe  growth  temperatures 
incorporating  in  an  active  state  at  concentrations  up  to  10%.  B  delta  layers  of  1  nm  or  less  have  also  been  grown.  Sb  is  also  shown  to 
be  capable  of  providing  delta  doped  layers  less  than  2  nm  wide.  The  B  delta  layers  have  been  incorporated  into  modulation  doped 
structures  yielding  an  order  of  magnitude  increa.se  in  mobility  at  77  K. 


1.  Introduction 

The  growth  of  high  quality  pseudomorphic 
Si/SiGe  structures  by  MBE  requires  substrate 
temperatures  (TJ  of  <600°C.  Growth  at  such 
low  r,  presents  problems  in  achieving  controllable 
co-evaporation  doping,  particularly  as  selective 
doping  of  Si  and  SiGe  layers  <  5  nm  in  width  is 
often  required.  For  example,  the  most  commonly 
used  n-type  dopant  in  Si  MBE,  Sb,  suffers  severe 
surface  accumulation  effects  at  these  temperatures 
with  p>oor  incorporation  efficiencies  and  loss  of 
control  over  dopant  transitions.  Despite  the 
success  of  techniques  such  as  potential  enhanced 
doping  [1]  at  T,  >  750  °C,  at  SiGe  growth  temper¬ 
atures  recourse  has  to  be  made  to  growth  interrup¬ 
tions  and  heavy  Sb  coverages,  both  of  which  can 
disrupt  epitaxial  growth.  Similarly,  B  is  a  well 
behaved  dopant  in  Si  MBE.  but  little  work  has 
been  performed  to  elucidate  its  behaviour  at  low 
7",  and  in  SiGe. 


We  report  the  u.se  of  B  and  Sb  doping  in  Si  and 
SiGe  structures.  B  is  shown  to  excel  as  a  dopant  at 
SiGe  growth  temperatures,  exceeding  expectations 
in  terms  of  achievable  doping  levels  and  activation 
efficiency.  Preliminary  results  on  B-doping  of 
SiGe.  and  on  the  growth  of  2DHG  structures  are 
given.  We  also  report  on  growth  procedures  en¬ 
abling  high  quality  and  very  nttrrow  B  and  Sb 
delta-doping  to  be  obtained. 


2.  Experimental 

The  Si  and  Si/SiGe  structures  were  grown  in 
VG  V80  and  V90S  MBE  systems.  Sb  doping  was 
performed  from  a  conventional  in  house  con¬ 
structed  effusion  cell,  and  B  from  a  high  tempera¬ 
ture  directly  current  heated  graphite  crucible  [2]. 
The  small  thermal  mass  of  the  latter  source  en¬ 
ables  rapid  thermal  changes  to  the  cell  tempera¬ 
ture.  permitting  abrupt  dopant  transitions. 
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The  epilayers  were  characterized  structurally  by 
SIMS,  cross-sectional  TEM  and  X-ray  diffraction, 
and  electrically  using  electrochemical  CV  (ECV), 
Hall,  spreading  resistance  and  4  point  probe  meas¬ 
urements.  as  appropriate. 

3.  Boron  doping 

3.1.  Bulk  boron  doping 

To  ascertain  the  incorporation  kinetics  in  (100) 
Si.  50  nm  B  “spikes”  were  introduced  at  200  nm 
intervals  with  varying  from  900  to  450 °C.  B 
incorporation  was  found  to  be  well  behaved  for 
doping  levels  up  to  -3x10'“*  cm  '  over  the 
entire  temperature  range  exhibiting  sharp  doping 
transitions  and  complete  electrical  activation.  At 
higher  doping  levels,  the  SIMS  profile  in  fig.  1 
shows  significant  deviation  from  the  ideal  struc¬ 
ture  for  r.  >  700  °  C,  caused  by  B  segregating  and 
precipitating  on  the  surface  [3]  and  providing  a 
secondary  source  for  B-incorporation  in  the  “un¬ 
doped"  spacer  regions.  The  similarity  with  the 
work  of  Jackman  et  al.  [4]  indicates  that  oxygen 
incorporation  due  to  their  use  of  BjO,  compound 
source  was  not  responsible  for  the  segregation.  At 
T_  below  700  °  C,  the  segregation  process  becomes 
kinetically  limited,  resulting  in  the  incorporation 
of  B  onto  substitutional  sites. 


Fig.  1.  The  SIMS  dopant  concentration  versus  depth  profile  for 
a  structure  with  B  doped  layers  grown  at  succesisively  lower 
substrate  temperatures  (  °  C). 


Electrical  measurements  indicate  complete  elec¬ 
trical  activation  at  all  temperatures  for  doping 
levels  below  ^  3  x  lO’’  cm^^.  The  profile  distor¬ 
tions  noted  above  at  higher  doping  levels  and 
temperatures  exceeding  700  °C  are  reflected  in  an 
electrical  activation  ceiling  in  the  low  10”  cm“^ 
range.  Nevertheless,  at  <  600  °  C,  there  is  no 
surface  accumulation  smearing  and  the  B  is  fully 
activated.  This  suggests  that  B-doping  lends  itself 
well  to  the  conditions  needed  for  SiGe  growth; 
our  preliminary  work  into  B-doping  of  strained 
Si  0, Gey,  (7^  =  550°C)  at  doping  levels  up  to 
2  X  10”  cm  confirms  complete  activation  and 
material  with  Si  bulk-like  mobilities. 

It  appears,  therefore,  that  B-doping  holds  excel¬ 
lent  prospects  in  applications  where  low  growth 
temperatures  are  essential,  and  two  examples  are 
described  in  the  following  sub-.sections. 

3.2.  Two-dimensional  hole  gas  (2DHG) 

Separation  of  carriers  from  the  dopant  site  by 
confinement  in  a  quantum  well  holds  prospects 
for  high  mobility  devices.  Structures  have  been 
grown  containing  four  1  nm  thick  4  x  lO”  cm  ' 
B-doped  Si  regions  separated  by  8  nm  from  8  nm 
thick  Siu^Geju  wells.  Hall  measurements  at  100  K 
yield  a  sheet  carrier  density  of  2.5  X  10'^  cm'"  in 
each  of  the  wells.  The  hole  mobility  of  250  cm" 
V " '  s ' '  at  77  K  is  an  order  of  magnitude  higher 
than  for  bulk  Si.  and  the  low  temperature  depen¬ 
dence  confirms  two-dimensional  hole  confine¬ 
ment. 

3.3.  Boron  della  doping 

Planar  doping  has  applications  in  short  channel 
FET  structures  (5).  Delta  layer  structures  have 
been  grown  at  450  °  C  by  deposition  of  B  onto  a  Si 
buffer  layer  followed  by  a  Si  capping  layer.  Hall 
measurements  on  a  typical  structure  yielded  a 
sheet  carrier  density  of  3.5  ±0.6x10”  cm  *. 
Comparison  with  the  chemical  B  content  of  3.8  ± 
0.4x10”  cm~^  measured  using  SIMS  indicates 
complete  activation,  even  at  this  extremely  high 
doping  level. 

The  distribution  of  the  quasi-planar  dopant 
was  investigated  using  double  crystal  X-ray  dif- 
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Fig.  2.  FAperimenial  X-ray  diffraction  rocking  curve  of  a  3  x  10'“  cm '  ’  B  delta  layer  along  with  a  simulation  (smooth  line)  assuming 
a  0.7  nm  wide  square  profile  for  the  B  dopant  (the  main  substrate  peak  has  a  maximum  value  of  1 10.000  counts  per  .second). 


fraction  with  a  four  bounce  beam  conditioner  [6). 
The  [113]  asymmetric  reflection  rocking  curve 
taken  at  glancing  incidence  i.s  shown  in  fig.  2.  The 
numbered  fringes  are  due  to  the  diffracted  beams 
from  the  cap  and  delta  layers  interfering  with 
those  from  the  underlying  Si.  The  sharpness  of  the 
interference  fringes  obtained  indicates  that  the 
capping  layer  is  of  good  crystalline  quality  (as  the 
diffraction  peaks  are  broadened  by  the  presence  of 
dislocations)  implying  that  the  underlying  delta 
grew  pseudomorphically  with  tetragonal  contrac¬ 
tion  along  the  [100]  direction.  Also  shown  i.s  a 
dynamical  theory  simulation  [7,8]  to  which  no 
detector  noise  offset  has  been  added. 

From  such  modelling  using  various  B-distribu- 
tion  profiles  for  the  delta  layer,  the  factors  in¬ 
fluencing  the  rocking  curve  can  be  investigated. 
The  spacing  of  the  interference  fringes  numbered 
in  fig.  2  allows  determination  of  the  depth  of  the 
delta  layer  which  is  found  to  be  52  +  1  nm  (in 
agreement  with  the  growth  schedule  and  the  SIMS 
profile).  The  relative  heights  of  the  interference 
peaks,  and  in  particular  the  ratio  of  the  heights  of 
peaks  3  and  5  which  are  particularly  sensitive  as 
shown  in  fig.  3,  enable  the  delta  layer  thickness  to 


be  found.  For  the  experimental  curve  this  ratio  is 
0.80  ±  0.05  giving  the  delta  layer  width  as  <  1  nm 
and  implying  an  average  B  concentration  in  the 
delta  layer  of  10%.  By  considering  the  positions  of 
the  fringes  with  respect  to  the  main  Si  substrate 
peak  the  total  contraction  in  the  [001]  direction 
has  been  accurately  determined  to  be  31  ±  2  pm. 
This  gives  a  volume  contraction  per  atom  at  10 
at%  B  in  Si  of  (1.7  ±  0.2)  X  10  cm~  \  which  is 
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- 1 - 1 - 

1  2 

LAYER  WIDTH  (NM) 


3 


Fig.  3.  The  ratio  of  heights  of  peaks  3  and  5  obtained  from 
simulating  the  rocking  curve  for  various  widths  of  square 
profile  whilst  keeping  the  total  dopant  concentration  constant. 
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consistent  with  the  values  obtained  at  lower  dop¬ 
ing  densities  by  ourselves  and  others  [9). 


4.  Antimony  doping 

In  order  to  prepare  Sb  delta  layers.  Si  was 
grown  at  650  °C  and  then  with  the  matrix  flux 
shuttered  off  2x10'“'  cm"^  of  Sb  deposited  on 
this,  r,  was  then  reduced  to  <  250  °  C  where 
surface  segregation  effects  disappear  [10,11]  and  a 
Si  cap  is  grown.  The  sample  was  then  annealed  at 
800  °C  to  ensure  activation  of  the  Sb.  SIMS  anal¬ 
ysis  (fig.  4)  shows  two  Sb  delta  layers  where  the 
capping  layer  was  deposited  at  (a)  T,  <  250  °C  but 
in  (b)  r,  was  not  allowed  to  fall  below  250“C. 
Surface  segregation  can  be  seen  to  have  produced 
appreciable  broadening  of  the  Sb  delta  layer,  with 
the  segregated  layer  acting  as  a  secondary  source 
of  doping  and  producing  an  Sb  shoulder  on  the 
growth  side  of  the  delta  layer.  X-ray  diffraction 


Fig.  4.  This  SIMS  profile  shows  two  Sb  delta  layer  structures 
with  capping  and  delta  layers  grown  at,  (a)  T,  <250®C  (b) 
r,  >  250  ®C.  A  shoulder  can  be  seen  on  (b)  due  to  .surface 
accumulation  problems  during  growth. 


[12]  measurements  similar  to  those  described  for 
the  B  delta  have  shown  the  structures  to  have 
good  crystalline  quality,  demonstrating  that  pseu- 
domorphic  growth  took  place  with  tetragonal  ex¬ 
pansion  along  the  [100]  direction  and  that  the 
widths  of  the  Sb  delta  layers  grown  with  < 
250  “C  are  <1.5  nm.  TEM  has  confirmed  these 
results  and  revealed  a  low  density  of  precipitates 
( <  10’cm~’). 


5.  Conclusion 

Al  low  temperalures  B  is  an  excellent  dopant 
allowing  very  sharp  profile  control  and  high  dop¬ 
ing  densities.  Sb  doping,  despite  some  problems 
with  surface  segregation,  nevertheless  enables  the 
growth  of  n-type  delta  layers  of  good  structural 
quality. 
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High  hole  mobility  in  strained  Ge  channel  of  modulation-doped 
p-Si  0  5  Geo  5/  Ge/  Si  1  _  ^Ge^  heterostructure 

Masanobu  Miyao,  Eiichi  Murakami,  Hiroyuki  Etoh,  Kiyokazu  Nakagawa  and  Akio  Nishida 

Centra/  Research  Laboratory,  Hitachi,  Ltd.  P.O.  Box  2,  Kokubunji,  Tokyo  J85,  Japan 


Characterization  and  application  of  a  new  heterostructure  (p-SiQ5Geo5/Ge/Sii_^Ge,)  fabricated  by  MBE  are  comprehensively 
studied.  Tbe  strain  field  in  the  Ge  channel  is  precisely  controlled  by  changing  the  X  values  in  the  Sij  _  ^Ge^  buffer  layer.  This  enables 
sufficient  confinement  of  a  2D  hole  gas  at  the  p-Siy  5Ge(,  5/Ge  interface.  In  addition,  alloy  scattering  in  the  channel  region  is  avoided 
by  the  utilization  of  a  pure  Ge  layer.  As  a  result,  a  p-channel  MODFET  with  ultra  high  field  effect  mobility  (10000  cmVV*s.  77  K)  is 
achieved. 


1.  Introduction 

Si-Ge  hetero-epitaxy  is  the  key  technology  for 
introducing  the  new  concept  of  band  engineering 
into  Si-LSl  work  [1],  Modulation-doped  hetero¬ 
structures,  i.e,  n-Si,  _  jGe^/Si  and/or  p-Si/ 
Si,_  ,Ge,,  have  been  formed  by  molecular  beam 
epitaxy  (MBE).  This  enabled  the  formation  of 
two-dimensional  (2D)  gas  systems  with  electrons 
and/or  holes  (2],  Recently,  People  (3)  and  Wagner 
and  Janoko  [4]  suggested  that  very  high  hole  mo¬ 
bility  without  alloy  scattering  can  be  obtained 
using  the  pure  Ge  channel  of  a  p-Si ,  _  .^Ge^/Ge 
structure.  However,  band  discontinuity  (AE)  at 
the  hetero-interface  was  not  large  enough  to  con¬ 
fine  a  high  concentration  of  holes.  Thus,  high 
mobility  was  not  achieved. 

To  solve  this  problem,  we  have  proposed  [5,6J  a 
new  heterostructure  consisting  of  p-SiojGeos/ 
Ge/Si,  _vGe,^,  where  the  strain  field  in  the  p-Si  q  5 
Ge^,  5  and  Ge  channel  layers  are  controlled  by  the 
Si  mole  fraction  (1  -  3f)  of  the  Si,_  ,Ge,  buffer 
layer.  This  can  enlarge  the  AE  value  and  enable 
sufficient  confinement  of  the  2D  hole  gas.  This 
paper  describes  the  formation  and  characteriza¬ 
tion  of  this  new  heterostructure. 


2.  Experimental 

The  sample  structure  is  schematically  shown  in 
fig.  1.  Prior  to  the  MBE  growth,  the  Sb-doped  Ge 
substrate  ((1(X))  orientation)  was  cleaned  by  chem¬ 
ical  etching  and  thermal  heating  (650 ‘’C,  20  min) 
in  a  UHV  chamber.  Then,  thick  Si,_^Ge,  buffer 
layers  (200-1000  nm.  0.20  g  1  -  A' g  0.40)  were 
grown  incommensurately  at  high  temperature 
(520  °C).  Next,  a  thin  Ge  channel  layer  (20  nm) 
and  a  Sio.sGen  ,  spacer  layer  (15  nm)  were  grown 
commensurately  at  low  temperature  (400  °C).  A 
p-type  doping  was  performed  by  adsorption  of  Ga 
atoms  at  a  substrate  temperature  below  100  °C. 


Ga  doping  spike 


2-DHG  — * 

■°  °  °  °  Ge  channel  °  °  °  ° 

misfit  _ , 

Sii-xGex  buffer  layer 

dislocations 

Ge(IOO)  substrate 

Fig.  1.  Cross-seciional  view  of  a  new  helerostniclure  consisting 
of  p-Sio.Geo 5/Ge/Si,  _  ,Ge,. 
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Finally,  an  amorphous  Sio.jGeo.s  film  (15  nm 
thick)  was  deposited  and  crystallized  by  annealing 
(450  °C,  1  h)intheUHV. 

Strains  in  the  p-SiojGeoj/Ge/Si,  _j,Ge^  layers 
were  characterized  by  Raman  spectroscopy.  In 
addition,  the  electrical  properties  of  the  2D  hole 
gas  were  evaluated  by  Hall  effect  measurements 
and  by  modulation-doped  field  effect  transistor 
(MOD-FET)  characteristics  at  77  K. 


Using  People’s  equation  [3],  the  relation  be¬ 
tween  AE  values  and  X  values  was  found  to  be 
AE  =  0.5(0.84  —  0.532^).  The  results  shown  in  fig. 
2  indicate  the  AE  reaches  0.22  eV  at  the  strained 
(1.0%)  hetero-interface  of  p-SigsGeo  s/Ge,  which 
was  commensurately  grown  on  a  Sii_^Ge,  (1  ~ 

=  0.25)  buffer  layer.  This  value  is  considered  to  be 
large  enough  to  confine  the  2D  hole  gas  to  the 
interface. 


3.  Strain  control  of  the  Ge  channel  layer  hy  a 
Si,_,Ge„  buffer  layer 


4.  Electrical  properties  and  crystallinity  of  the 
strained  Ge  channel  layer 


In  the  Raman  spectrum,  four  peaks  from  dif¬ 
ferent  lattice  vibrations  (i.e.,  Si-Si,  Si-Ge,  and 
Ge-Ge  modes  in  the  Sio  sGeg  j  layers,  and  Ge-Ge 
mode  in  the  Ge  channel  layer)  were  observed.  The 
frequency  difference  (Au)  between  the  strained 
Ge-Ge  peaks  from  the  Ge  channel  layers  and  the 
strain-free  Ge-Ge  peak  from  the  bulk  Ge  are 
summarized  in  fig.  2,  as  a  function  of  the  Si  mole 
fraction  (1  -  AT)  in  the  buffer  layers.  Using  the 
relationship  of  Au  -  -4.132«  [8],  the  compressive 
strain  (t)  was  determined  to  be  <(%)  =  -4.0(1  — 
X).  This  agreed  well  with  a  theoretical  relation, 
which  was  obtained  assuming  Vegard’s  law  for  the 
lattice  constant  of  Si,_  jGe^.  In  this  way,  accurate 
control  of  the  strain  in  the  Ge  charmel  layers 
becomes  possible  by  changing  the  X  value  in  the 
buffer  layer. 


0.28  S' 
0  26 
0.24  S 

i 


0  22  P 

0  20  S 
0.18  I 


Fig.  2.  Wave  number  differences  of  Raman  shift,  strain,  and 
valence  band  discontinuity  as  a  function  of  the  Si  mole  frac¬ 
tion  (1  -  X)  of  buffer  layers. 


The  electrical  properties  of  the  heterostructures 
were  evaluated  by  Hall  measurements  at  77  K,  as 
shown  in  figs.  3a  and  3b.  The  results  indicated 
that  the  hole  concentration  and  hole  mobility  (;i) 
increased  with  the  strain  in  the  low  strain  region 
(0.5%-1.0%).  However,  in  the  high  strain  region 
(1.0%-1.5%),  they  decreased  with  the  strain.  Maw- 
mum  hole  mobilities  were  obtained  at  e  =  1.0%. 
These  values  increased  with  buffer  layer  thickness 
(rf),  i.e.,  ft  ~  2400,  4500,  and  7600  cmV^  s  for 
d  =  200,  500  and  1000  nm,  respectively. 

The  relations  between  hole  mobilities  and  hole 
concentrations  were  determined  from  data  shown 
in  figs.  3a  and  3b.  These  relations  indicated  that 
mobilities  increased  proportionally  with  the  hole 
concentration,  which  is  a  typical  feature  of  2D 
hole  gas  [9].  In  addition,  angular  (ff)  dependence 
on  magneto-resistance  measured  at  77  K  showed 
the  sin^ff  dependence.  This  means  that  the  mag¬ 
neto-resistance  is  only  influenced  for  a  field  com¬ 
ponent  normal  to  the  hetero-interface.  Thus,  the 
existence  of  the  2D  hole  gas  was  confirmed. 

To  understand  the  phenomena  in  the  high  strain 
region,  the  crystal  quality  was  examined  as  a  func¬ 
tion  of  X  and  d  in  the  buffer  layer.  Observations 
using  a  transmission  electron  microscope  showed 
that  roughness  at  the  p-Sio  jGeos/Ge  interface  as 
well  as  threading  defects  significantly  increased 
when  the  (1  —  X)  value  exceeded  0.25,  i.e., 

1.0%.  These  defects  were  found  to  decrease  with 
an  increase  in  the  buffer  layer  thickness.  These 
results  provide  ample  explanations  of  why  the 
maximum  mobilities  are  obtained  at  c  =  1.0%  and 
why  they  increase  with  buffer  layer  thickness. 


I 


5.  Fabrication  of  a  strain  controlled  modulation-  was  50  lam.  and  spacing  between  the  gate  and 
doped  FET  source  was  1.5  fim. 

Typical  current-gain  characteristics  and  trans- 
A  p-channel  MODFET  was  fabricated  under  fer  characteristics  of  the  FET  (Lg/lf'g  =  50 /im/50 

the  condition  of  «  =  1.0%  (1  —  A'=  0.25).  The  gate  /am)  measured  at  77  K  are  shown  in  figs.  4a  and 

oxide  was  made  of  CVD  SiOj  (50  nm),  and  the  4b,  respectively.  Gate  capacitance  and  source  re¬ 
source  and  drain  electrodes  were  made  by  AuGa  sistance  of  the  FET  were  6  X  10'**  F/cm'  and  350 

alloying  (330  °  C).  Gate  lengths  ( )  of  the  MOD-  J2.  The  calculated  values  of  maximum  intrinsic 

FETs  were  4,  8.  and  50  pm,  the  gate  width  (W^)  transconductance  were  almost  proportional  to 


DRAIN  VOLTAGE  ;  Vos  (V)  GATE  VOLTAGE  ;  Vo  (V) 

Fig.  4.  (a)  Current-voltage  characteristics  of  the  MODFET  (  L%/  tFg  =  50  pm/SO  pm)  at  77  K.  (b)  Transfer  characteristics  of  the 

MODFET  <  Li/  IFg  -  50  pm/50  pm)  at  77  K. 
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1/Z.g  and  reached  130  mS/mm  at  ^g  =  4  /im, 
which  is  a  very  large  value  when  the  small  gate 
capacitance  of  the  present  FET  is  considered.  As  a 
result,  an  extremely  high  field  effect  mobility 
(10000  cmVV  •  s,  77  K)  was  obtained  in  the 
strain-controlled  MODFET  =  4-50  (im). 
These  values  were  ten  times  higher  than  those  of  a 
previously  reported  SiGe  heterostructure  (600 
cmVV  ■  s,  77  K)  [7], 


6.  Conclusion 

A  new  strain-controlled  Ge-channel  hetero¬ 
structure  (p-Sio.jGeo  j/Ge/Si,  _  ,Ge,/Ge)  was 
fabricated  by  MBE.  The  strain  field  in  the  Ge 
channel  layer  was  accurately  controlled  by  chang¬ 
ing  the  /f-values  in  the  Si,  _  ,Ge,  buffer  layer.  This 
enlarged  the  E  values  and  enabled  the  confine¬ 
ment  of  the  hole  gas  to  the  p-S.^i  jGeD^/Ge  inter¬ 
face.  As  a  result,  ultra  high  mobility  of  the  2D 
hole  gas  (10000  cm'/V  •  s)  was  obtained  at  77  K. 


A.  cknowledgements 

The  authors  wish  to  thank  Professor  S.  Fur- 
ukawa  of  the  Tokyo  Institute  of  Technology,  Pro¬ 


fessor  C.  Tatsuyama  of  the  Toyama  University, 
and  Professor  Y.  Shiraki  of  the  Tokyo  University 
for  stimulating  discussions  and  encouragement 
through  the  course  of  this  study. 


References 


(1)  B.W.  Dodson.  L.J.  Schowalter.  J.E.  Cunningham  and  F.H. 
Poliak,  Eds.,  Layered  Structure  -  Heteroepitaxy.  Super¬ 
lattice,  Strain  and  Metastability.  Mater.  Res,  Soc.  Symp. 
Proc..  Vol.  160  (Mater,  Res.  Soc.,  Pittsburgh.  PA,  1989). 

(2)  E.  Kasper  et  al..  Eds.,  Silicon  Molecular  Beam  Epitaxy 
(CRC  Press,  Bora  Raton,  FL,  1988). 

(3)  R.  People.  Phys.  Rev.  B34  (1986)  2508. 

|4]  G.R  Wagner  and  M.A.  Janoko.  Appl.  Phys.  Letters  54 
(1989)  66. 

|5|  E.  Murakami.  H.  Etoh,  K.  Nakagawa  and  M.  Miyao. 
Japan.  J.  Appl.  Phys.  29.  Part  2  (1990)  29. 

[6]  M.  Miyao.  E.  Murakami,  H.  Etoh  and  K.  Nakagawa.  in  ref. 
(II.  p.  777. 

(7)  T.P.  Pearsall  and  J.C.  Bean.  IEEE  Trans.  Electron  Device 
Letters  EDL-7  (1986)  308. 

(81  F.  Cerdeira.  A.  Pinciuk.  J.C.  Bean,  B.  Batlogg  and  B.A. 

Wilson.  Appl.  Phys.  Letters  45  (1984)  1138. 

(9]  K.  Hirakawa  and  H.  Sakaki.  Phys.  Rev.  B33  (1986)  8291, 


f 


916 


Journal  of  Crystal  Growth  111  (1991)  916-919 
North-Holland 


Transport  properties  of  p-Si/SiGe  single-modulation-doped 
heterostructures  grown  by  MBE 

D.J.  Gravesteijn,  T.  Mishima  *,  C.W.  Fredriksz,  G.F.A.  van  de  Walle  and  R.A.  van  den  Heuvel 

Philips  Research  Lahoralories,  P.O.  Box  80.000.  5600  J A  Emdhooen.  Nelhertands 


Electrical  properties  have  been  examined  for  single  Si/Si,_  ,Ge,  p-channel  modulation-doped  helerostructures  grown  by  MBE. 
Heterostructures  with  the  doped  layer  on  top  have  a  higher  hole  mobility  than  structures  with  the  doped  layer  on  the  substrate  side. 
This  difference  is  caused  by  B  segregation  during  growth.  The  effects  of  B  concentration  and  Ge  content  on  the  electrical  properties 
are  studied.  Hole  mobilities  as  high  as  6000  cmVv  •  s  at  2  K  have  been  obtained,  which  are  the  highest  values  reported  so  far. 


1.  Introduction 


2.  Experimental 


p-Si/SiGe  modulation-doped  heterostructures 
have  been  studied  extensively  recently  (1-3).  The 
bandgap  offset  in  these  structures  is  mainly  pre¬ 
sent  in  the  valence  band,  in  contrast  to  the  III-V 
systems.  In  the  potential  well  at  the  SiGe/Se 
interface  a  two-dimensional  hole  gas  (2DHG)  is 
formed.  For  practical  applications,  a  high  trans¬ 
conductance  is  essential,  i.e.  both  a  high  sheet-car¬ 
rier  density  and  a  high  mobility  are  required.  A 
high  sheet-carrier  concentration  can  be  obtained 
by  forming  2DHGs  at  both  the  surface  side  (a 
•‘normal"  2DHG)  and  the  substrate  side  (an  “in¬ 
verted”  2DHG)  of  the  SiGe  layer.  However,  the 
quality  of  both  interfaces  is  not  necessarily  the 
same,  because  of  MBE-growth-related  effects  such 
as  dopant  or  Ge  segregation  [4.5].  leading  to  dif¬ 
ferences  in  mobilities  between  a  normal  and  an 
inverted  2DHG. 

The  purpose  of  this  paper  is  to  study  normal 
and  inverted  p-Si/SiGe  sing/e-modulation-doped 
heterostructures.  It  will  be  shown  that  very  high 
conductances  can  be  achieved  by  adjusting  dopant 
concentration.  Ge  content  and  spacer  layer  thick¬ 
ness. 


*  Exchange  researcher  from  Hitachi  Central  Research  Labora- 
torics,  Tokyo,  Japan. 


The  heterostructures  were  grown  in  a  Vacuum 
Generators  Silicon  MBE  system.  The  oxide  was 
removed  by  a  5  min  flash-off  at  880  ®  C.  The  layers 
were  deposited  at  a  substrate  temperature  of 
550 °C.  except  for  the  i-Si  buffer  layer  which  was 
grown  at  690  °C.  The  layers  were  deposited  by 
means  of  electron  beam  evaporation  from  i-Ge. 
i-Si  and  heavily  B-doped  Si  slugs. 

The  Ge  content  and  the  crystalline  quality  were 
assessed  by  means  of  Rutherford  backscattering 
spectroscopy  (RBS).  Secondary  ion  mass  spec¬ 
trometry  (SIMS)  was  used  to  determine  B  and  Ge 
profiles.  Electrical  characterization  was  performed 
using  conventional  Hall -Van  der  Pauw  measure¬ 
ments  between  4  and  300  K. 


3.  Results  and  discussion 

Typical  normal  and  inverted  modulation-doped 
heterostructures  that  were  studied  are  shown  in 
fig.  1 .  The  spacer  layer  thickness  between  the  p-Si 
and  the  Si,  _  ^Ge^  layer.  was  chosen  to  be  3  or 
10  nm.  Fig.  2  shows  the  temperature-dependence 
of  the  mobility,  n.  and  sheet-hole  concentration. 
p,,  for  a  normal  and  an  inverted  modulation-doped 
heterostructure  with  jc  -  0.2.  a  B  concentration  of 
2  X  10’*  cm~  ’  and  a  spacer  thickness  of  3  nm.  The 
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Normal 


Inverted 


p  -  Si :  B 

40  nm 

i-Si 

WsP 

i  *  Sio.0  G6o.2 

50  r.Ti 

i-Si 

240  nm 

j  ■  n  -  Si  sub. 

' 

2DHG 


i  -  Si 

43  nm 

i  -  Sio.8  Geo.2 

50  nm 

■///////////////////. 

i  -  Si  W5P 

p  -  Si :  B 

40  nm 

i-Si 

200  nm 

n  - Si  sub.  1 

Fig.  1.  Normal  and  inverted  p-Si/SiGe  modulation-doped 
heterostructures  considered  in  this  study. 


behaviour  of  is  almost  identical.  A  strong  tem¬ 
perature-dependence  is  found  for  temperatures 
above  70  K,  which  is  caused  by  the  temperature- 
dependence  of  the  conduction  in  the  p-Si;  below 
this  temperature  the  conduction  in  the  p-Si  freezes 
out  and  the  2DHG  becomes  observable.  The  tem¬ 
perature-dependence  of  p.  is  quite  different,  how¬ 
ever.  At  low  temperatures  the  •".obility  increases 


Fig.  2.  Temperature-dependent  electrical  properties  for  a  nor¬ 
mal  and  an  inverted  p-Si/Sio,Geo  2  modulation-doped  hetero- 
structure  with  a  spacer  layer  of  3  nm  thickness. 


Table  1 

Electrical  characteristics  of  the  p-Si/SiGe  modulation-doped 
heterostructures 


X 

Normal/ 

inverted 

(nm) 

[B] 

(cm"’) 

p  at  6  1C 
(cnf/V  •  s) 

at  6  K 
(cm  ’) 

0.2 

N 

3 

2.0x10'* 

2300 

0.99X10'^ 

0.2 

1 

3 

2.0x10'* 

800 

0.94X10'^ 

0.2 

1 

10 

2.0x10'* 

3800 

0.49x10'^ 

0.2 

N 

10 

5.5x10'* 

3900 

0.65  X 10'^ 

0.2 

I 

10 

5.5x10'* 

820 

1.10  X 10'^ 

0.4 

N 

3 

5.5x10'* 

1500 

2.80x10'’ 

to  much  higher  values  for  the  normal  2DHG  than 
for  the  inverted  2DHG  (2300  cm^/V  •  s  versus  800 
cm^/V  •  s,  see  also  table  1).  This  difference  in 
mobility  may  be  attributed  to  segregation  of  a 
small  fraction  of  the  B  into  the  SiGe  channel,  as 
will  be  shown  below.  As  a  result,  increased  ionized 
impurity  scattering  will  occur,  leading  to  a  low 
mobility.  In  the  normal  structure,  with  the  high 
hole  mobility,  the  B-doped  layer  is  grown  after  the 
SiGe  layer,  hence  no  B  segregation  into  the  con¬ 
duction  channel  is  possible.  This  explains  the 
higher  mobility  in  this  case. 

Attempts  were  made  to  demonstrate  B  segrega¬ 
tion  in  the  inverted  structure  by  means  of  SIMS 
analysis.  However,  no  indication  of  B  segregation 
was  found,  probably  because  •  of  limited  depth 
resolution.  In  order  to  prove  that  surface  segrega¬ 
tion  influences  the  electrical  properties,  an  in¬ 
verted  modulation-doped  heterostructure  was  pre¬ 
pared.  where  the  p-Si  layer  was  grown  at  690  °C 
instead  of  the  normal  550  °  C.  The  B  segregation  is 
stronger  at  this  higher  growth  temperature  [5]. 
After  growth  of  this  layer,  the  temperature  was 
lowered  to  550  “C  and  growth  was  resumed.  Now 
SIMS  showed  a  distinct  B  spike  at  the  SiGe/Si 
interface  (fig.  3).  which  is  due  to  segregation  dur¬ 
ing  the  growth  of  the  p-Si  layer  at  690  °C.  Some 
segregation  will  still  occur  during  subsequent 
growth  at  550  "C.  Due  to  the  presence  of  more 
ionized  impurities  and  also  more  B  segregated  into 
the  conduction  channel,  the  mobility  is  expected 
to  decrease  significantly.  Experimentally  a  low- 
temperature  mobility  of  only  330  cm^/V  ■  s  is 
found  at  6  K  and  has  almost  doubled  to 
1.8  X  10'^  cm“^.  Both  observations  are  in  accor- 
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dance  with  the  segregation  model.  Even  during 
continuous  growth  at  550  ®C  some  segregation 
will  occur,  reducing  the  mobility  of  the  inverted 
with  respect  to  the  normal  structures. 

A  larger  is  expected  to  give  rise  to  an 
increase  in  mobility  due  to  reduced  remote  ionized 
impurity  scattering,  and  to  a  smaller  p^.  The  mo¬ 
bilities  and  sheet-hole  concentration  for  structures 
with  a  spacer  layer  thickness  of  10  nm  are  shown 
in  table  1.  A  hole  mobility  as  high  as  3800  cmVV 
■  s  is  observed  at  6  K,  and  increases  to  6000 
cm’/V  •  s  at  2  K.  The  sheet  carrier  density  is 
4.9x10’*  cm“^.  The  high  mobilities  found  in 
these  structures  compare  very  favourably  with 
literature  data  on  UHV-CVD-grown  double-mod¬ 
ulation-doped  heterostructures  [3].  It  shows  that 
very  high  quality  modulation-doped  heterostruc¬ 
tures  can  be  grown  with  MBE. 

In  order  to  obtain  a  higher  the  B  concentra¬ 
tion  was  increased  to  5.5  X  10”*  cm~  ^  for  a  normal 
and  an  inverted  structure  with  a  10  nm  spacer. 
The  mobility  and  p,  values  are  shown  in  table  1. 
For  the  normal  structure  a  sheet  carrier  concentra¬ 
tion  of  6.5  X  10”  cm“^  was  determined  which  is 
slightly  higher  than  that  of  the  low  B  doping 
heterojunctions.  The  mobility,  however,  is  still  very 
high,  viz.  3900  cm^/V  •  s.  The  observed  high  mo¬ 
bility  is  in  accordance  with  the  expectations  for  a 
normal  structure;  B  segregation  does  not  play  a 
role.  In  the  inverted  structure,  the  B  segregation  in 
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Fig.  3.  B  and  Ge  SIMS  profiles  for  a  heterostructure  with  a 
p-doped  layer,  grown  at  690  “C.  G.I.  Indicates  the  position 
where  the  growth  was  interrupted  and  the  temperature  was 
towered  to  550  °C, 


Temperature  (K) 

Fig.  4.  Temperature-dependence  of  hole  mobility  and  sheet-hole 
concentration  for  a  normal  p-Si/Sio.^GetM  modulation-doped 
heterostructure  with  a  spacer  layer  thickness  =  3  nm  and  a 
boron  concentration  of  5.5x10'*  cm"'.  Also  shown  are  the 
results  for  a  30  min  anneal  at  700 ’C.  and  a  4  min  anneal  at 
800  °C.  The  results  for  the  700  °C  anneal  and  the  6(X)“C 
standard  anneal  are  identical,  therefore  only  the  700  "C  result 
is  given. 


the  SiGe  channel  is  enhanced  due  to  the  higher 
dopant  concentration.  Consequently,  p^  increases 
to  1.1  X  10'^  cm'^.  but  on  the  other  hand  an 
inferior  mobility  of  820  cm"/V  •  s  was  found. 

A  higher  sheet-hole  concentration  is  also  ex¬ 
pected  if  the  valence  band  offset  is  increased.  This 
can  be  achieved  by  increasing  the  Ge  content  of 
the  strained  layer.  To  study  the  effect  of  a  higher 
Ge  content,  a  normal  structure  was  grown,  with 
IFjp  =  3  nm,  a  B  concentration  of  5.5  X  10’*  cm"' 
and  a  Ge  fraction  of  0.4.  The  thickness  of  the 
SifltGeb  4  layer  was  chosen  to  be  20  nm,  in  order 
to  prevent  strain  relaxation.  The  temperature- 
dependent  electrical  properties  are  shown  in  fig.  A 
At  6  K,  p,  is  found  to  be  2.8  X  10’^  cm~^  (cf. 
table  1),  which  is  2.8  times  higher  than  that  for  the 
samples  with  a  SiogGco^  strained  layer,  while  p 
was  still  1500  cm^/V  ■  s  at  6  K.  The  conductance 
is  6.5  X  10"^  12“’,  which  is  about  30%  higher  than 
the  highest  value  (5  X  10“^  12“’)  reported  so  far 
for  (fou^/e-modulation-doped  structures  [3]. 
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The  thermal  stability  of  the  modulation-doped 
structures  was  also  examined  by  measuring  the 
changes  in  electrical  characteristics.  Anneals  for 
either  3  min  at  700  °  C  or  for  4  min  at  800  °  C  were 
used  and  the  results  were  compared  to  the  30  min 
600  °C  anneal  that  was  used  to  activate  the  con¬ 
tact  implants.  Assuming  B  diffusion  to  be  the 
main  cause  of  thermal  degradation,  a  diffusion 
depth  of  0.5  nm  for  the  700  °C  anneal  and  1  nm 
for  the  800  °C  anneal  is  expected,  based  on  bulk 
B-diffusion  data.  Fig.  4  shows  the  temperature 
dependence  of  and  hole  mobiUty  of  the  an¬ 
nealed  samples  of  the  highly  doped,  40%  Ge  struc¬ 
ture.  The  600  and  700  °  C  data  are  indistinguisha¬ 
ble,  thus  only  the  700  °C  curve  is  given.  After  the 
800  °C  anneal,  the  mobility  is  distinctly  reduced. 
A  similar  reduction  in  mobility  was  found  for  all  3 
nm  samples,  with  both  normal  and  inverted 
2DHGs.  This  effect  is  in  accordance  with  the  B 
diffusion  mechanism.  For  the  inverted  structure 
with  fFjp  =  10  nm,  one  would  expect  a  smaller 
decrease  in  mobility,  because  diffusion  only  re¬ 
duces  the  effective  slightly  from  10  to  =9 
nm.  However,  in  this  case  a  mobility  reduction  of 
«  25%  is  found  like  in  the  structures  with  =  3 
nm.  This  observation  seems  to  suggest  that  some 
strain  relaxation  occurs,  reducing  the  bandgap  off¬ 
set.  High  resolution  XRD  does  not  show  any 
indications  of  strain  relaxation  in  this  sample, 
however.  This  subject  is  being  studied  in  more 
detail. 


4.  Conclusions 

It  was  shown  that  MBE-grown  normal  p- 
Si/SiGe  modulation-doped  heterostructures  have 
a  higher  mobihty  than  the  inverted  structures.  The 
origin  of  this  difference  is  believed  to  be  due  to 
the  segregation  of  B  during  growth  which  leads  to 
increased  ionized  impurity  scattering  in  inverted 
structures.  The  quality  of  the  heterostructures  ap¬ 


pears  to  be  very  good:  hole  mobilities  of  6000 
cm^/V  •  s  have  been  obtained  at  2  K  for  a  normal 
structure.  A  thicker  spacer  layer  leads  to  a  higher 
mobility  and  a  lower  sheet-hole  concentration. 
Increasing  the  B  concentration  gives  rise  to  mod¬ 
erate  increases  in  p^.  In  this  case  the  segregation 
becomes  more  severe  in  inverted  structures.  By 
increasing  the  Ge  content,  the  valence  band  offset 
increases,  giving  rise  to  very  high  sheet-hole  con¬ 
centrations.  A  sheet  carrier  concentration  of  2.5  X 
10*’  cm'’  was  found  at  6  K.  Further,  a  conduc¬ 
tance  as  high  as  6.5  X  10“^  12“’  was  measured  for 
this  single  2DHG  structure,  exceeding  by  30%  the 
values  reported  for  double-modulation-doped 
structures.  The  structures  appear  to  be  at  least 
stable  with  respect  to  thermal  anneals  for  30  min 
at  700  “C. 
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Photoluminescence  (PL)  in  Si,.,Ge,  alloys  grown  on  Si(lOO)  by  molecular  beam  epitaxy  (MBE)  has  been  studied  over  the 
composition  range  0  ^  x  g  0.5.  For  x  ^  0.15.  strong  deep-level  luminescence  has  been  observed.  Sharp  lines  which  are  similar  to  the 
dislocation-related  D-lines  in  Si  appear  in  the  spectra  for  x  =  0.15  and  0.26.  Transmission  electron  microscopy  (TEM)  for  these 
.samples  reveals  that  there  are  a  lot  of  dislocations  at  the  Si|.,G^/Si  interface  and  in  the  Si  substrate.  The  dislocations  in  the  Si 
substrate  are  considered  to  be  the  origin  of  the  sharp  luminescence  lines.  These  PL  lines  for  x  =  0.15  cannot  be  observed  in  the  case 
of  thin  layers.  In  that  ca,se.  the  density  of  the  dislocations  near  the  interface  is  much  lower.  For  x  =  0.38  and  0.50,  broad  bands 
appear  in  the  spectra.  The  TEM  observations  in  these  cases  reveal  that  there  are  many  di.slocations  in  the  Si,  _  ,Gc,  layers  and  that 
the  dislocation  density  in  the  Si  substrate  is  very  low.  The  broad  bands  are  considered  to  originate  from  the  dislocations  in  the 
Si ,  ,Ge,  layer. 


1.  Introduction 

Si,  _  layers  on  Si  substrates  have  attracted 
much  attention  in  recent  years.  In  the  applications 
of  Si,_,Ge^/Si  heterostructures  to  device  fabrica¬ 
tions.  remarkable  results  such  as  heterojunction 
bipolar  transistors  (HBTs)  have  been  reported 
[1,2].  Generation  of  misfit  dislocations  at  the 
Si  I  _  ,GeySi  interface  is  receiving  physical  interest 
[3].  Moreover,  the  enhanced  mobility  and  the  ap¬ 
pearance  of  a  direct  band  gap  have  been  reported 
for  strained  Si-Ge  superlattices  [4,5], 

Photoluminescence  (PL)  is  one  of  the  powerful 


methods  for  investigating  the  electronic  properties 
of  semiconductors  and  for  the  characterization  of 
impurities  and  defects.  Rowell  et  al.  [6]  reported 
the  PL  spectra  of  Si,  _  ^Ge^/Si  grown  by  molecular 
beam  epitaxy  (MBE).  They  observed  deep-level 
luminescence.  However,  the  origin  of  the  observed 
PL  lines  was  not  analyzed  in  detail.  Recently, 
several  authors  [5,7-9]  reported  PL  spectra  of 
strained  Si-Ge  superlattices.  Although  new  PL 
lines  reported  by  these  authors  are  believed  to  be 
the  evidence  of  a  newly  appearing  direct  band 
gap,  these  lines  are  rather  broad  and  their  posi¬ 
tions  are  different  from  one  report  to  another. 
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In  this  paper,  we  report  the  PL  spectra  of 
Si,  _^G€^/Si  (100)  grown  by  MBE  over  the  com¬ 
position  range  0  g  jc  g  0.5.  In  order  to  investigate 
the  relationship  between  the  deep-level  lumines¬ 
cence  and  dislocations,  the  sample  is  observed  by 
transmission  electron  microscopy  (TEM). 


2.  Experimental 

Undoped  Si|_  ,Ge^  layers  are  grown  on  Si  sub¬ 
strates  by  MBE  at  a  substrate  temperature  of 
650  “C.  The  substrates  are  100  mm  diameter  (100) 
Czochralski-grown  (CZ-grown)  Si  wafers  with  a 
resistivity  of  10-50  Q  cm  doped  with  P.  The  alloy 
composition  is  determined  by  Rutherford  back- 
scattering  (RBS)  using  2.275  MeV  He  ions  and  a 
backscattering  angle  of  160  ° . 

The  thickness  of  the  Si,_,Ge,  layers  studied  in 
this  work  is  1000-5000  A.  For  larger  jc,  the  thick¬ 
ness  is  considered  to  be  thicker  than  the  critical 
thickness  where  misfit  dislocations  are  introduced. 

PL  spectra  arc  measured  at  4.2  K  in  the  wave¬ 
length  region  of  1000-1800  nm.  The  samples  are 
immersed  in  lic,uid  helium  in  a  glass  cryostat. 
They  are  exciteo  by  the  647  nm  line  of  a  Kr  ion 
laser  or  the  48ci  nm  line  of  an  Ar  ion  laser.  This 
enables  us  to  ins  estigate  the  dependence  of  the  PL 
spectra  on  the  , Penetration  depth  of  the  excitation 
light,  since  the  penetration  depth  of  the  488  nm 
line  of  an  Ar  la-ver  is  about  1  fim  while  that  of  the 
647  nm  line  of  a  Kr  laser  is  10  fixn  for  Si.  The 
excitation  powci  density  is  about  6  mW/mm‘  for 
a  Kr  ion  laser  and  8  mW/mm^  for  an  Ar  ion 
laser.  The  emis  on  form  the  sample  is  analyzed  by 
a  32  cm  gratiig  monochromator  with  a  600 
groove/mm  grating  blazed  at  1  /im  and  detected 
by  a  cooled  Ge  letector.  The  spectral  response  of 
the  measurem,nt  system  is  calibrated  using 
blackbody  radiauon. 

All  the  samples  are  investigated  by  cross-sec¬ 
tional  and  plan- view  transmission  electr-m  mi¬ 
croscopy  (TEM)  observations.  Specimens  for 
cross-sectional  TEM  observations  are  prepared 
with  Ar  ion  milling  after  bonding  the  samples 
together  face-to-face  and  mechanically  polishing 
from  both  sides.  Plan-view  TEM  specimens  are 
prepared  by  mechanically  polishing  and  chem¬ 


ically  etching  from  the  substrate  side.  Thinned 
specimens  are  examined  using  Akashi  EM(X)2B  at 
200  kV. 


3.  Results  and  discussion 

The  PL  spectra  of  Si,_^Ge^/Si(100)  over  the 
composition  range  0  ^  x  ^  0.5  are  shown  in  figs.  1 
and  2  under  the  excitations  with  a  Kr  and  an  Ar 
laser,  respectively.  The  thickness  of  the  Si,  _  rGe, 
layer  is  3000-5000  A.  Sharp  lines  near  11(X)  nm 
can  be  observed  for  all  the  cases.  These  lines  are 
associated  with  the  near-band-gap  emissi'’'’  '  the 
Si  substrate.  In  the  spectra  for  x  =  0  .es 

appear  near  1100  nm  in  addition  t,  .ussion 

from  the  Si  substrate.  From  the  energy  positions 
of  these  new  lines,  these  lines  are  considered  to  be 
the  near-band-gap  emission  of  the  Si,_^Ge,  layer 
[10].  This  idea  is  supported  by  the  fact  that  their 
relative  intensities  are  stronger  under  the  488  nm 


Wavelength  (  nm  ) 


Fig.  1.  Photolumine.stence  spectra  of  Si,  ,Ge, /Si  (100)  at  4.2 
K  under  the  647  nm  excitation.  Spectral  band  pass  is  10  nm. 
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Fie-  4.  Lhoii-’uminescence  spectra  of  Si,  .  ,Ge, /Si  (100)  a(  4.2 
K  under  the  4S$  nm  excitation.  Spectral  band  pass  is  10  nm. 


excitation  than  under  the  647  nm  excitation:  these 
new  lines  are  from  the  part  nearer  to  the  surface. 

For  X  ^  0.15,  strong  deep-level  luminescence 
can  be  observed.  Four  sharp  lines  labelled  D1-D4 
appear  in  the  spectra  for  x  =  0.15.  These  lines 
appear  at  the  same  wavelength  positions  as  the 
dislocation-related  D-lines  in  Si.  A  plan-view  TEM 
image  shows  that  there  are  a  lot  of  dislocations  in 
this  sample.  They  are  mainly  misfit  dislocations  at 
the  Si,  ,  jGe^/Si  interface.  However,  the  cross-sec¬ 
tional  TEM  image  of  jc  =  0.15  shown  in  fig.  3 
reveals  that  there  are  many  dislocations  in  the  Si 
substrate.  These  dislocations  in  the  Si  substrate 
are  considered  to  be  the  origin  of  the  lines  D1-D4. 
In  the  case  of  the  Ar  laser  excitation,  the  lines 
D1-D4  are  accompanied  by  the  broad  back¬ 
ground.  This  indicates  that  the  broad  background 
comes  from  near  the  surface.  The  broad  back¬ 
ground  may  be  related  to  the  dislocations  at  the 
Si,  _  ,Ge,/Si  interface  or  in  the  Si,  _  ,Ge,  laver. 

The  PL  spectra  of  Si(,„5Geo.,5/Si  (100)  for  the 
different  thickness  of  the  epitaxial  layer  are  shown 
in  fig.  4.  In  addition  to  the  near-band-gap  emis¬ 
sion  of  the  Si  substrate,  sharp  lines  near  1200  nm 
can  be  observed  in  some  cases.  These  lines  are 


i 


Fig.  3.  Cross-sectional  TEM  image  of  Sins^Ge,,  ,,/Si  (\00).  Marker  represents  0.5  )»m. 
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Fig.  4.  Photoluminescence  spectra  of  Si„,i,5Ge,i  |A/Si  (100)  for 
the  for  different  thicknesses  of  the  epitaxial  taver. 


considered  to  be  the  near-band-gap  emission  of 
the  Si,  _  ,Ge,  layer  [10],  When  the  layer  is  thin,  the 
sharp  deep-level  PL  lines  cannot  be  observed. 


Weak  background  can  be  seen  in  that  case.  This 
background  becomes  stronger  as  the  epitaxial  layer 
becomes  thicker.  When  the  sharp  deep-level  PL 
lines  do  not  appear  in  the  spectra,  dislocations  in 
the  Si  substrate  cannot  be  observed  in  the  cross- 
sectional  TEM  image.  However,  misfit  disloca¬ 
tions  can  be  seen  in  the  plan-view  TEM  image. 
The  background  observed  in  the  spectra  is  consid¬ 
ered  to  originate  from  the  misfit  dislocations  at 
the  Si,_  ,Ge,^/Si  interface.  The  dislocations  in  the 
Si  substrate,  which  are  considered  to  be  the  origin 
of  the  sharp  PL  lines,  may  be  introduced  when  the 
epitaxial  layer  becomes  thicker  than  a  certain 
thickness.  This  thickness  is  different  from  the  crit¬ 
ical  thickness  where  misfit  dislocations  are  intro¬ 
duced. 

The  D-lines  can  be  observed  also  in  the  PL 
spectra  for  x  =  0.26  in  figs.  1  and  2.  However,  the 
features  of  the  spectra  are  different  from  the  case 
of  .V  =  0.15.  The  lines  become  broader  and  the  line 
D3  disappears.  A  shoulder  can  be  seen  in  the 
longer  wavelength  side  of  the  line  D2.  In  the  TEM 
observation,  dislocations  near  the  Si ,  _  ,Ge,/Si  in¬ 
terface  for  .V  =  0.26  are  similarly  observed  a?  in 
the  case  for  x  =  0.15.  but  the  interface  is  rough. 
This  may  explain  the  difference  of  the  PL  spectra. 

The  broad  bands  which  are  different  from  the 
D-lines  appear  in  the  spectra  for  x  =  0.38  and 


Sh-xGex 


Fig.  5.  Cross-sectional  TEM  image  of  SiQ^jGe),  w/Si  (100).  Marker  represents  0.3  jim. 
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0.50.  The  cross-sectional  TEM  image  of  jc  =  0.38 
is  shown  in  fig.  5.  There  are  a  lot  of  dislocations  in 
the  Si,_  jGej  layer.  On  the  other  hand,  the  dislo¬ 
cation  density  in  the  Si  substrate  is  very  low  in 
contrast  to  the  case  of  x  =  0.15.  The  broad  bands 
in  the  PL  spectra  for  x  =  0.38  and  0.50  are  consid¬ 
ered  to  originate  from  the  dislocations  in  the 
Sij.  ^Ge^  layer. 

It  should  be  noticed  that  the  deep-level 
luminescence  observed  in  this  work  is  very  strong. 
The  PL  spectra  of  strained  Si-Ge  superlattices 
reported  recently  are  believed  to  be  evidence  of  a 
newly  appearing  direct  band  gap  [5,7-9].  How¬ 
ever,  some  of  these  spectra  are  very  similar  to 
those  obtained  in  the  present  work.  We  would  like 
to  point  out  that  the  appearance  of  the  strong 
luminescence  line  is  not  necessarily  evidence  of 
the  direct  band  gap  and  that  the  dislocations 
might  be  the  origin  of  the  luminescence  of  strained 
Si-Ge  superlattices. 

4.  Conclusions 

Photoluminescence  in  Si,_  ,Ge^,/Si  (100)  grown 
by  MBE  has  been  studied  over  the  composition 
range  0  g  x  g  0,5.  Strong  deep-level  luminescence 
has  been  observed.  TEM  observations  show  that 
there  are  many  dislocations  near  the  Si|_  ^Ge,/Si 
interface.  For  x  =  0.15  and  0.26,  the  dislocations 
in  the  Si  substrate  are  considered  to  be  the  origin 
of  the  sharp  PL  lines.  For  x  =  0.38  and  0.50.  the 
broad  bands  may  originate  from  the  dislocations 
in  the  Si,  _  ,Ge,  layer.  The  variety  of  the  PL  spec¬ 


tra  is  explained  primarily  by  the  difference  in  the 
generated  position  of  the  dislocations  near  the 
Si  1  _  jGe,/Si  interface. 
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The  nanometre  scale  of  the  novel  strained  layer  electronic  devices  now  being  grown  requires  characterisation  techniques  of  a 
corresponding  resolution.  This  work  employs  the  subnanometre  probe  of  a  dedicated  scanning  transmission  electron  microscope  to 
investigate  individual  layers  in  a  cross-sectioned  SiGe  superlattice.  Using  recently  developed  instrumentation,  microdiffraction 
patterns  have  been  obtained  at  very  high  resolution  and  the  strains  in  each  layer  quantified  by  analysing  the  position  of  the  deficit 
higher  order  Laue  zone  lines  in  the  zero  order  beam.  The  experimental  patterns  are  fitted  to  computer  simulations  incorporating 
possible  dynamical  effects.  The  results  from  a  10  um  SiGe  layer  are  shown  to  be  in  good  agreement  with  bulk  X-ray  diffraction 
analysis,  with  an  accuracy  limited  only  by  the  fundamental  constraints  of  diffraction  from  a  laterally  finite  sample.  Hence  surface 
relaxation,  a  major  complication  with  previous  applications  of  electron  micioscopy  to  strain  measurement,  can  be  ignored  for  the 
specimen  geometry  that  the  small  probe  allows,  It  is  anticipated  that  the  technique  can  in  future  be  applied  to  multilayer  structures 
which  are  not  amenable  to  bulk  characterisation. 


1.  Introduction 

High  quality  crystal  growing  techniques  such  as 
molecular  beam  epitaxy  (MBE)  are  capable  of 
incorporating  metastable  strains  into  multilayer 
structures  [1],  The  quantification  of  such  strains  is 
essential  to  an  understanding  of  the  novel  elec¬ 
tronic  properties  that  such  structures  possess.  X- 
ray  diffraction,  Rutherford  backscattering,  Raman 
scattering  and  ion  channeling  are  all  used  routinely 
to  measure  the  strains  in  bulk  samples.  However 
these  techniques  cannot  probe  the  structure  of  the 
individual  layers,  a  limitation  which  prevents  the 
complete  strain  analysis  of  the  more  complicated 
structures,  such  as  compositionally  graded  growth, 
now  being  grown. 

The  major  technique  for  such  microstruciural 

*  Now  at  Jet  Propulsion  Laboratory.  California  Institute  of 
Technology.  48(X)  Oak  Grove  Drive.  Pasadena.  California 
91109.  USA. 


characterisation  is  conventional  transmission  elec¬ 
tron  microscopy  (CTEM)  of  cross  sectioned  speci¬ 
mens.  However  the  thin,  electron  transparent  foils 
needed  for  CTEM  examination  allow  elastic  re¬ 
laxation  at  their  surfaces.  Hence  direct  measure¬ 
ment  of  strain  through  atomic  resolution  micro¬ 
graphs  and  selected  area  diffraction  do  not  give 
results  representative  of  the  the  bulk  [2,3].  Tbe 
surface  relaxation  can  be  modelled  using  Fourier 
analysis  [4]  and  finite  element  analysis,  and  has 
then  been  incorporated  into  the  simulation  of 
image  contrast  from  parallel  sided  foils  [5]  and 
cleaved  wedge  specimens  [6],  Such  determinations 
of  strain  are  necessarily  indirect:  the  strain  in  the 
bulk  sample  can  only  be  deduced  from  the  surface 
relaxation  effects  that  it  produces  in  the  thin 
specimen. 

This  present  work  uses  a  scanning  transmission 
electon  microscope  (STEM)  to  measure  directly 
the  strains  from  specimens  thicker  than  normally 
used  in  CTEM.  A  convergent  beam  of  electrons. 
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less  than  1  nm  in  diameter,  is  focussed  on  to  the 
specimen  and  the  diffraction  pattern  acquired  at 
high  resolution.  This  technique  differs  only  in 
scale  from  convergent  beam  electron  diffraction 
(CBED)  in  CTEM:  the  high  brightness  field  emis¬ 
sion  gun  (PEG)  of  STEM  allows  the  formation  of 
a  probe  limited  mainly  by  the  aberration  of  the 
probe  forming  lens,  whilst  in  CTEM  the  probe 
size  is  determined  by  the  the  size  of  the  thermal 
emission  source  [7],  A  CTEM  probe  is  thus  at 
least  an  order  of  magnitude  larger  than  a  STEM 
probe.  Plan  view  specimens  which  should  not  show 
surface  relaxation  have  been  analysed  using  CBED 

[8]  but  the  determination  of  strain  in  such  samples 
is  very  difficult.  CBED  has  also  been  used  to 
determine  strains  in  cross-sectioned  Si-Ge  layers 
using  the  displacement  of  deficit  higher  order  Laue 
zone  (HOLZ)  lines  in  the  transmitted  direct  beam 

[9] ,  but  surface  relaxation  affected  the  results.  The 
small  probe  used  in  microdiffraction  enables  the 
investigation  of  thin  layers  which  should  not  show 
surface  relaxation. 

This  paper  will  describe  the  acquisition  of  high 


quality  microdiffraction  patterns  from  individual 
strained  SiGe  layers,  the  analysis  of  the  deficit 
HOLZ  lines  in  the  direct  beam  incorporating  dy¬ 
namical  effects  and  a  comparison  with  bulk  X-ray 
diffraction  measurements. 


2.  Sample  preparation  and  experimental  technique 

The  samples  examined  were  grown  in  a  Vacuum 
Generators  V90S  MBE  machine.  The  [100]  silicon 
substrates  were  initially  cleaned  at  850°C  under  a 
Si  flux  to  remove  the  native  oxide  before  the 
growth  of  a  19  nm  Si  buffer  layer.  The  structure 
consisted  of  a  twenty  period  superlattice  each  54 
nm  period  of  nominal  composition  9  nm  85  at% 
Si- 15  at%  Ge  and  45  nm  Si  grown  at  a  substrate 
temperature  of  560  +  5°C.  The  specimens  were 
prepared  in  cross-section  for  the  electron  micro¬ 
scope  through  cleaving  and  ion  beam  thinning, 
producing  {110}  surface  normals. 

The  specimens  were  examined  in  a  VG  HB501 
dedicated  STEM  with  a  nominal  accelerating  volt- 


[100] 

i 


200nm 


[021]  - 0  [012] 


Fig.  1 .  ADF  image  of  superlattice  structure.  The  position  of  the  probe  when  acquiring  the  patterns  shown  in  the  later  figures  is 
denoted  by  (a)  centre  of  third  Si  layer  and  (b)  centre  of  fourth  SiGe  layer. 
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age  of  100  keV.  Imaging  of  the  structures  was 
achieved  with  a  scanned  probe  using  the  trans¬ 
mitted  annular  dark  field  (ADF)  signal,  which 
gives  better  contrast  and  noise  statistics  for  thicker 
specimens  than  the  conventional  bright-field  or 
dark-field  signals.  Fig.  1  shows  an  ADF  image  of 
the  structure.  Microdiffraction  patterns  were  ob¬ 
tained  by  positioning  the  stationary  probe  at  the 
desired  place  on  the  specimen  and  recording  the 
transmitted  signal.  The  acquisition  of  good  quality 
microdiffraction  patterns  is  problematic.  Normal 
electron  microscope  photographic  plates  cannot 
be  introduced  into  the  vacuum  as  they  would 
destroy  the  UHV  necessary  for  STEM.  Phosphor 
screens  which  can  be  viewed  from  outside  the 
column  give  low  resolution  and  very  poor  count¬ 
ing  statistics.  By  replacing  the  spectrometer  at  the 
top  of  the  column  with  a  high  efficiency  phosphor 
screen  fibre  optically  coupled  to  a  low  light  level 
camera  the  performance  can  be  considerably  en¬ 
hanced  [lOJ  at  the  cost  of  the  loss  of  the  electron 
energy  loss  spectroscopy  (EELS)  facility.  Previous 
work  on  SiGe  layers  [11]  used  photographic  film 


Fig.  2.  Schematic  digram  of  the  high  resolution  microdiffrac¬ 
tion  system. 


separated  from  the  vacuum  by  a  thin  Kapton 
window  [12]  to  obtain  good  quality  patterns, 
though  of  too  low  a  camera  length  to  resolve  the 
deficit  HOLZ  lines. 

This  present  work  uses  a  newly  developed  tech¬ 
nique  using  instrumentation  initially  designed  for 
parallel  EELS  (PEELS):  three  quadrupoles  are 
placed  after  the  spectrometer  to  magnify  the  dis¬ 
persion  of  the  electrons  which  are  imaged  using  a 
scintillator  coupled  to  a  low  light  level  CCD 
camera.  Through  suitable  adjusment  of  the 
quadrupoles  to  produce  a  point  rather  than  the 
line  focus  necessary  for  PEELS,  and  closing  down 
the  slits  at  the  exit  to  the  spectrometer,  microdif¬ 
fraction  patterns  can  be  imaged  at  very  high  reso¬ 
lution  (0.05  mrad),  excellent  detective  quantum 
efficiency  and  large  dynamic  range  [13].  In  ad¬ 
dition,  as  the  electrons  have  passed  through  a 
spectrometer,  the  resulting  pattern  is  energy 
filtered  and  hence  the  inelastic  contribution  to  the 
microdiffraction  pattern  can  be  removed,  impro¬ 
ving  the  visibility  of  the  HOLZ  lines.  A  schematic 
diagram  of  the  instrumentation  is  shown  in  fig.  2. 

3.  Results  and  calculations 

Microdiffraction  patterns  were  taken  from  the 
Si  buffer  layer  and  from  each  layer  in  the  first  six 
periods  of  the  superlattice  structure  in  fig.  1.  The 
buffer  near  the  superlattice  and  the  first  two  peri¬ 
ods  showed  HOLZ  line  splitting  indicating  surface 
relaxation  [14],  but  patterns  from  layers  later  in 
the  growth  sequence  exhibited  no  such  effects. 
Figs.  3  and  4  show  two  microdiffraction  patterns 
from  the  [012]  zone  axis  taken  from  the  positions 
marked  in  fig.  1,  namely  the  third  Si  and  fourth 
SiGe  layer.  The  patterns  are  elliptically  distorted 
as  isotropic  dipersion  for  the  three  quadrupoles  of 
the  PEELS  system  is  not  attainable.  Only  the 
direct  beam  is  shown,  crossed  by  the  deficit  HOLZ 
lines  corresponding  to  high  angle  reflections  in  the 
higher  order  Laue  zones.  The  p>osition  of  these 
lines  is  highly  sensitive  to  all  three  lattice  parame¬ 
ters  and  below  each  experimental  pattern  is  a 
computer-simulated  kinematical  fit.  The  applica¬ 
bility  of  kinematical  theory  is  justified  by  the  very 
long  extinction  lengths  associated  with  the  high 
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angle  HOLZ  reflections.  In  general  there  are  four 
unknowns  in  such  a  simulation,  the  three  lattice 
parameters  (assuming  no  shear)  and  the  wave¬ 
length  of  the  electrons  in  the  material,  A.  However 
the  deficit  line  pattern  can  only  be  used  to  solve 
for  two  unknowns.  The  Si  layer  pattern  can  be 
used  to  determine  X  assuming  a  lattice  parameter 
of  0.5431  nm  for  pure  silicon.  This  value  of  a, 
corresponding  to  an  energy  E  of  96.1  ±  0.1  keV 


Fig.  3.  (a)  MicrodiffracUon  paltem  from  the  45  nm  Si  layer  on 
[012]  with  (b)  a  kinematical  simulation  with  £-96.1  keV. 
‘•too  ”  "oio  ”  fool  ”  9-541  nm.  The  objective  aperture  is  about 
1 5  mrad  in  diameter. 


Fig.  4.  (a)  Microdiffraction  pattern  from  the  9  nm  SiGe  layer 
on  |012)  with  (b)  a  kinematical  simulation  with  E  =  %.0  keV, 
f  loo  =  5.485.  o„,|,  =  Qooi  =  0.5431  nm. 


for  the  electrons  in  the  specimen,  not  only  indi¬ 
cates  a  discrepancy  between  the  nominal  and  ac¬ 
tual  accelerating  voltage,  but  also  takes  into 
account  the  mean  crystal  potential  and  the  shift  of 
the  dominant  branch  of  the  dispersion  surface 
from  the  Ewald  sphere  due  to  dynamical  interac¬ 
tions  with  reflections  in  the  zero  order  Laue  zone 
(ZOLZ)  [15].  These  last  two  effects  depend  on  the 
chemical  composition  of  the  specimen  and  so  X 
will  in  general  be  different  between  the  substrate 
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and  alloy  layers.  The  mean  crystal  potential,  which 
affects  both  the  diffracted  and  undiffracted  beams 
equally,  has  virtually  no  effect  on  the  position  of 
the  HOLZ  lines,  but  dynamical  interactions  in  the 
ZOLZ  can  produce  a  considerable  shift  of  the 
HOLZ  lines  from  their  Idnematical  positions.  TTie 
size  of  the  shift,  which  is  greatest  on  high  symme¬ 
try'  zone  axes  and  for  the  lower  order  HOLZ,  can 
be  quantified  by  calculating  the  ZOLZ  dispersion 
surface  as  a  function  of  composition  [16],  but  has 
been  neglected  in  previous  CBED  work  [9],  For 
the  [012]  zone  axis,  the  dynamical  shift  from  Si  to 
85  at*?  Si  corresponds  to  a  drop  in  £"  of  100  cV 
for  the  first  order  Laue  zone  for  the  dominant  first 
Bloch  wave,  which  although  equal  to  the  error  in 
ascertaining  the  accelerating  voltage,  has  been 
taken  into  account. 

The  pattern  from  the  alloy  layer  is  simulated 
for  E  =  96.0  keV  and  assuming  perfect  epitaxy, 
i.e.,  U||,„  =  =  0.5431  nm.  A  best  fit  to  the 

centre  of  the  HOLZ  lines  is  obtained  for  rq,,,  = 
0.5485  ±  0.0005  nm.  The  accuracy  of  the  fit  is 
limited  b\  the  broadening  of  the  HOLZ  lines 
corresponding  to  reflections  in  the  growth  direc- 
tiim.  This  broadening  is  a  consequence  of  the 
finite  lateral  extent  of  the  strained  layers  [14]  and 
can  be  considered  as  the  fundamental  constraint 
of  determining  a  periodicity  from  a  finite  sample. 
By  tilting  i)nto  a  two  beam  condition  and  measur¬ 
ing  the  thickness  fringes  [17].  the  thickness  of  the 
specimen  in  the  beam  direction  was  calculated  to 
be  320  ±  20  nn.  As  the  layers  themselves  are  only 
10  nm  wide  in  the  growth  direction,  surface  re¬ 
laxation  should  not  greatly  affect  the  strain  mea¬ 
surements.  From  the  values  determined  from  the 
simulation,  the  alloy  layers  have  a  tetragonal  di.s- 
tortion.  (|.  defined  as  the  relative  difference  be¬ 
tween  the  lattice  parameter  parallel  and  per¬ 
pendicular  to  growth  of  0.99  ±0.09*?.  Assuming 
perfect  epitaxy  and  no  surface  relaxation,  the  te¬ 
tragonal  distortion  as  derived  from  elasticity  the- 
orx  should  be 


where  /  is  the  hulk  lattice  parameter  misfit  be¬ 
tween  the  silicon  and  alloy  layers  and  v, ^  is  the 
compliance  of  the  alloy.  From  eq.  (1 ).  /  is  0.56  + 


0.05%  for  an  interpolated  value  of  s,j  for  a  85  at% 
Si-15  at%  Ge  alloy.  This  value  of  /  corresponds  to 
a  Ge  proportion  of  13.6  ±1.4  at%  for  a  bulk  Ge 
lattice  parameter  of  0.5658  nm.  A  repeated  self- 
consistent  calculation,  taking  into  account  the  dis¬ 
crepancy  between  the  nominal  and  the  deduced 
value  of  the  composition,  gives  a  negligible  dif¬ 
ference  in  the  final  result.  X-ray  diffraction  has 
also  been  performed  on  the  bulk  wafer.  From  the 
strain  measurements,  /  =  0.62  ±  0.04.  The  better 
accuracy  of  the  X-ray  result  is  a  result  of  sampling 
the  complete  structure  of  twenty  strained  layers, 
ratner  than  the  single  layer  analysed  in  microdif¬ 
fraction. 


4.  Conclusions 

Electron  microdiffraction  using  a  dedicated 
STEM  with  high  resolution  recording  has  been 
able  to  determine  the  structure  of  an  individual 
layer  in  a  Si-Ge  superlattice.  The  strain  can  be 
measured  to  an  accuracy  determined  hy  the  grow  th 
thickness  of  the  layers,  in  this  ca.se  just  under  the 
accuracy  of  X-ray  diffraction  from  the  entire  su¬ 
perlattice.  A  low  symmetry  zone  axis  has  been 
used  to  minimise  the  dy  namical  shifts  of  the  HOLZ 
lines.  .Agreement  between  the  two  techniques  is 
gotnl.  confiiming  that  with  suitable  geometry, 
elastic  relaxation  at  the  surfaces  of  the  thick  speci¬ 
men  does  not  have  to  be  considered.  Hence  this  is 
the  first  lattice  parameter  determination  from  an 
individual  layer  in  cross-section  which  gives  the 
values  of  strain  measured  in  the  bulk  material. 
The  technique  should  thus  be  able  to  be  applied  to 
multilayer  structures  where  bulk  strain  parameter 
determinations  are  not  possible. 
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Strain  modification  by  ion-assisted  molecular  beam  epitaxy 
in  the  Si  ^Gei_^  alloy  system;  a  kinetic  analysis 

C.J.  Tsai.  P.  Rozenak  *,  H.A.  Atwater  and  T.  Vreeland 

Thomas  J.  Watson  Lahoraiory  of  Applied  Physics,  California  Institute  of  Technology  .  Pasadena.  California  'll  125.  USA 


Significant  changes  in  strain  are  produced  in  Si.Gei_.  epitaxial  films  grown  on  Si  and  Ge  (001)  substrates  as  a  result  of  low 
energy  ion  beam  assisted  molecular  beam  epitaxy  (lAMBE).  Films  grown  in  the  temperature  range  of  200  to  450°C  with  concurrent 
Ar*  or  Xe'  ion  bombardment  are  coherently  and  uniformly  strained  in  the  growth  direction  by  up  to  1.5®  in  Ge  films  and  0.5®  in 
Si  films  and  contain  no  dislocations.  Analysis  of  the  strain  modification  kinetics  suggests  that  defect  complexes  produced  by  the 
injection  of  ion  beam  induced  native  point  defects  and  trapped  gas  are  responsible  for  the  strain  changes.  The  dependence  of  film 
strain  on  ion/atom  flux  ratio  can  be  explained  by  a  steady  state  analysis  in  which  beam-generated  defects  are  annihilated  at  the 
growth  surface.  The  dependence  of  strain  modification  on  ion  energy  and  ion  species  indicates  the  relative  importance  of  surface 
defects  and  bulk  defects  in  the  free  volume  expansion  of  the  films.  Evolution  of  strain  upon  post-growth  isochronal  annealing 
suggests  the  complex  nature  of  as-grown  defects  and  rearrangement  of  defects  during  annealing.  The  relative  roles  of  native  defects 
and  trapped  gas  in  strain  modification  and  thermal  stability  are  discussed. 


1.  Introduction 

The  requirement  of  increased  control  over  the 
microstructure  and  properties  of  thin  epitaxial 
films  has  generated  interest  in  alternatives  to  con¬ 
ventional  thermal  epitaxial  growth.  One  approach 
is  to  utilize  concurrent  low  energy  ion  bombard¬ 
ment  during  epitaxy  to  promote  useful  changes  in 
film  growth  kinetics.  Low  energy  ion  bombard¬ 
ment  has  been  employed  as  a  method  for  surface 
cleaning  during  growth  in  plasma-enhanced  chem¬ 
ical  vapor  deposition  of  Si  [1].  Other  applications 
include  enhancement  of  dopant  incorporation  via 
concurrent  ion  bombardment  during  growth  in  Si 
[2],  and  increasing  critical  thickness  for  layer-by- 
layer  growth  of  strained  InAs  on  Si  [3).  Direct  low 
energy  ion  beam  deposition  has  also  produced 
epitaxial  films  of  Si  C.'  and  GaAs  [4j.  and  nota¬ 
bly  has  yielded  thick  epitaxial  Si  films  at  tempera¬ 
tures  as  low  as  100  °C  (5].  Of  particular  interest 
for  high  quality  epitaxial  films  is  the  identification 
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of  two  regimes:  one.  in  which  surface  processes, 
.such  as  surface  diffusion  and  adatom  incorpora¬ 
tion  at  growth  sites,  can  he  enhanced  at  low^ 
temperatures  while  avoiding  bulk  damage,  and 
another  in  which  controlled  damage  can  be  em¬ 
ployed  in  useful  ways. 


2.  Experiment 

Films  were  grown  in  a  custom-designed  molec¬ 
ular  beam  epitaxy  system  with  two  electron  beam 
sources  and  a  Kaufmann-type  ion  source  capable 
of  producing  Ar  or  Xe  *  ion  beams  at  energies  of 
50-1200  eV.  The  base  pressure  of  the  system  was 
I  X  10'"’  Torr.  and  during  the  operation  of  ion 
gun  the  system  was  backfilled  with  Ar  or  Xe  gas 
to  a  typical  pressure  of  8x  10  '  Torr.  Strain- 
modified  films  100  nm  thick  were  grown  at  con¬ 
stant  rate  in  the  range  0.1 -0.7  nm/s  on  (001)  Ge 
substrates  and  0.08-0.2  nm/s  on  (001)  Si  sub¬ 
strates.  following  growth  of  a  50  nm  buffer  layer 
of  pure  Ge  or  Si  by  conventional  molecular  beam 
epitaxy,  lon/atom  flux  ratios  were  typically  in  the 
range  1:10-1:100.  Temperature  was  measured 
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using  a  calibrated  optical  pyrometer.  Growth  tem¬ 
peratures  were  in  the  range  of  200-450  °  C.  Films 
were  analyzed  in-situ  using  reflection  high  energy 
electron  diffraction  (RHEED),  and  following 
growth  by  X-ray  rocking  curve  (XRC)  measure¬ 
ment  with  a  four  crystal  monochromater  [6]  using 
Cu-Ka  radiation,  Rutherford  backscattering 
(RBS).  and  transmission  electron  microscopy 
(TEM).  Post-growth  annealing  was  performed  in 
vacuum  with  a  pressure  of  5  X  10"'’  Torr. 


3.  Results  and  discussion 

The  strain  state  for  a  100  nm  thick  Ge  film  on 
(001)  Ge  grown  by  lAMBE  is  illustrated  by  the 
diffraction  intensity  in  fig.  la,  taken  around  the 
(004)  and  (224)  Bragg  diffraction  using  Cu-Ko 
radiation.  The  film  was  grown  at  T  =  300  °  C,  at  a 
growth  rate  of  0.3  nm/s  w'ith  a  Ar*  energy  of 
£■,  =  200  eV  and  ion/atom  flux  ratio  of  JJJ^  = 
0.03.  In  both  cases,  sharp  Bragg  peaks  without 


defect  broadening  were  observed.  Comparison  of 
experimental  X-ray  data  to  a  dynamical  X-ray 
diffraction  model,  allowed  strain  to  be  extracted 
[7].  The  results  indicate  the  presence  of  a  coherent 
film,  i.e.  tn  =  0%,  with  perpendicular  strain  result¬ 
ing  in  a  tetragonal  distortion  such  that  « =  0.82%. 
The  post-growth  RHEED  pattern  taken  at  20  keV 
along  a  [110]  azimuth  provides  a  qualitative  indi¬ 
cating  of  a  smooth  surface  morphology  with  (2X1) 
surface  reconstruction.  Cross-sectional  transmis¬ 
sion  electron  microscopy  indicated  the  1(X)  nm 
film  to  be  free  of  misfit  dislocations,  threading 
dislocations  and  stacking  faults,  indicating  that 
strain  modification  did  not  occur  as  a  result  of 
introduction  of  linear  or  planar  defects.  Fig.  lb 
shows  XRC  and  RHEED  results  for  a  SiniGcjui 
layer  grown  on  Ge  (100)  by  lAMBE  at  a  growth 
rate  of  0.25  nm/s  with  an  Ar*^  energy  of  £,  =  200 
eV  and  ion/atom  flux  ratio  of  7,/y^  =  0.03.  In  the 
rocking  curve  scan  around  (004)  diffraction  plane, 
the  Bragg  peak  from  the  250  nm  film  occurs  at 
-(-0.11°  with  respect  to  the  substrate  Bragg 


b 

» 


Fig.  1.  (a)  X-ray  rocicing  curve  around  (004)  Bragg  peal^  for  100  nm  Ge  film  grown  on  (001)  Ge  by  lAMBE  ai  T  =  .)00°('  for  an 
lon/atom  flux  ratio  ///,  ”  0.03.  and  incident  Ar*  ion  beam  energy  £,  =  200  eV.  Al.so  shown  is  a  rocking  curve  around  the  (224) 
Bragg  peak.  20  keV  RHEED  pattern  at  incidence  angle  of  2”  is  shown  below,  (b)  X-ray  rocking  curve  around  (004)  and  (224)  Bragg 
peaks  for  250  nm  Si|,2f’ei)s/(001)  G*  grown  by  lAMBE  at  r  =  SOOT;  ion/atom  flux  ratio  ///,  =  0.03;  incident  Ar*  ion  beam 
energy  £,  »  2(X)  eV.  20  keV  RHEED  pattern  at  incidence  angle  of  2°  is  shown  behiw. 
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Fig.  2.  Variation  of  perpendicular  strain  t  with  ion /atom 
flux  ratio  at  the  surface  for  100  nm  thick  Ge  films  grown 
on  Ge  (OOU  by  lAMBE  al  7'=300“C  with  {•)  Ar^  ion 
energy  £,  =  200  eV,  and  with  (■)  Xe  ion  energy  £,  =  200  eV, 
and  for  100  nm  thick  Si  films  grown  on  Si(OOl)  by  lAMBE  at 
T  =  350 with  (O)  Ar'  ion  energy  £,  =100  eV.  Uncertainly 
in  measurement  is  indicated  by  the  size  of  the  symbol. 


peak.  It  should  be  noted  that  a  coherent  film  with 
this  alloy  composition  grown  by  conventional 
MBE  exhibits  a  Bragg  peak  at  A6  =  +0.5°,  with 
an  associated  strain  of  =  —1.3?.  The  magni¬ 
tude  and  sign  of  strain  modification  are  nearly 
equal  for  the  pure  Ge  film  and  Si|,.Ge„s  alloy, 
strongly  suggesting  that  the  normally  tensile  strain 
in  the  Si|,:GeoH  alloy  was  compensated  by  point 
defects  introduced  by  lAMBE  growth.  RHEED 
pattern  also  indicates  a  smooth  surface  mor¬ 
phology. 

The  variation  of  perpendicular  strain,  t  ^  .  with 
ion/atom  flux  ratio  ///,.  for  100  nm  thick  Ge 
films  grown  on  Ge  (001)  with  Ar*  200  eV  and 
Xe*  200  eV  al  T  =  300 °C  and  for  100  nm  thick 
Si  films  grown  on  Si  (001)  with  Ar*  100  eV  at 
7'=  350°C  by  lAMBE  is  shown  in  fig.  2.  The 
expansion  of  the  lattice  constant  in  the  growth 
direction  in  Xe  *  bombarded  films  is  less  than  that 
for  Ar  *  bombarded  films  with  the  same  ion-atom 
flux  ratio.  This  is  consistent  with  the  assumption 
that  Xe  *  ions  produce  less  bulk  defects  than  Ar*" 
ions  with  the  same  energy  and  the  projectile  range 
of  Xe*  is  shallower  than  that  of  Ar*  [8].  An 
approximately  linear  relationship  exists  between 
perpendicular  strain  t  ^  and  ion/atom  flux  ratio. 
This  result  can  be  pictured  by  considering  the 
defect  kinetics  to  be  governed  by  a  set  of  coupled 


first  order  rate  equations  assuming  defect  interac¬ 
tions  and  higher  order  terms  can  be  ignored; 

dn^./dt  =  G-k^M^-kf,n,n^.  (1) 

d/i,/d/ =  G  —  kin,  —  ko”i”v  (2) 

dnn,/dr=  G'-k^M„.  (3) 

where  G  and  G'  are  native  defect  generation  rate 
and  incident  ion  trapping  rate,  respectively,  which 
are  proportional  to  the  ion/atom  ratio;  n^..  n,, 
and  represent  the  concentration  of  vacancies, 
interstitials  and  trapped  gas,  respectively.  The 
parameters  k^,  kj,  and  kn,  are  rate  constants  for 
the  annihilation  of  vacancies,  interstitials,  and 
trapped  gas  to  fixed  sinks,  and  k„  is  the  rate 
constant  for  vacancy  and  interstitial  recombina¬ 
tion.  For  steady  state,  two  cases  can  be  discussed 
in  this  simple  picture.  First,  when  bimolecular 
recombination  is  the  dominant  annihilation  pro¬ 
cess  simplified  expressions  for  vacancy,  interstitial 
and  trapped  ion  concentrations  can  be  obtained: 

—  ^Okyk^kfy ,  =  i^Gk\/k|ky  , 

Second,  when  fixed  sink  annihilation  is  the  domi¬ 
nant  process; 

n,==G/k,.  ii,  =  G/k,.  n^  =  G’/k„. 

The  second  case  is  consistent  with  the  observation 
of  linear  dependence  of  strain  on  ion/atom  flux 
ratio,  indicating  that  defects  recombine  at  a  fixed 
sink  (most  probably  the  growth  surface).  How¬ 
ever.  this  kinetic  analysis  cannot  further  specify 
the  relative  roles  of  native  defects  and  trapped  gas 
in  strain  mcxiification. 

The  variation  of  perpendicular  strain,  e  ,  with 
incident  ion  energy,  £,,  for  Ge  films  grown  on  Ge 
substrates  by  lAMBE  at  F  =  300 °C  with  J,/J^  = 
0.02,  and  for  Si  films  grown  on  Si  substrate  by 
lAMBE  at  r=  350‘’C  with  £,/£,  =  0.016  are 
shown  in  fig.  3.  A  monotonic  increase  in  strain 
with  increasing  incident  ion  energy  in  the  energy 
range  £,  =  70-300  eV  is  observed.  In  both  cases, 
no  detectable  strain  modification  is  observed  for 
ion  energy  below  70  eV.  Although  the  determina¬ 
tion  of  threshold  energy  for  strain  modification  is 
affected  by  the  instrument  sensitivity  and  the 
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Ion  Energy  (eV) 

Fig.  3.  Variaiion  of  perpendicular  strain.  «  ^ .  with  incident  ion 
energy  £,.  (•)  for  100  nm  thick  Ge  films  grown  on  Ge 
substrates  by  lAMBE  at  T"  =  300  °C  with  fixed  ion/atom  flux 
ratio  7,  /7j  =  0.02.  and  (O)  for  100  nm  thick  Si  films  grown  on 
Si  substrate  by  lAMBE  at  7'=  350°C  with  fixed  ion/atom 
flux  ratio  7,//,  =  0.016.  Error  bars  indicate  the  uncertainty 
ininxluced  bv  possible  variations  in  the  ion/aiom  flux  ratio 


threshold  is  expected  to  be  temperature  depen¬ 
dent,  the  close  agreement  between  the  theoretical 
estimate  of  the  transitional  energy  regime  for  on.set 
of  bulk  displacements  in  Ge  by  Brice  et  al.  [8].  and 
this  experiment  is  noteworthy. 

Previous  work  on  Ge  epitaxial  films  grow  on 
(001)  GaAs  substrate  done  by  Haynes  et  al.  [9] 
using  mas.s-.selected  40  eV  Ge  beams  showed  a 
small  expansion  of  lattice  parameter  in  the  growth 
direction.  This  small  free  volume  expansion  was 
presumably  caused  by  the  native  defects  of  Ge, 
since  no  inert  gas  was  involved  in  their  work.  To 
elucidate  the  relative  roles  of  native  point  defects 
and  trapped  gas  in  strain  modification.  Xe  con¬ 
centration  in  Ge  films  grown  at  T  =300°C  and 
Ar  concentration  in  Si  films  grown  at  T=  350  °C 
were  measured  using  RBS.  The  results  indicate 
that  the  amount  of  trapped  gas  is  approximately 
proportional  to  the  strain.  If  we  assume  that  strain 
is  generated  only  by  trapped  gas  and  Vegard’s  law 
can  be  applied  for  the  lattice  parameter  in  this 
case  with  c,  =  0^  and  a^,  =  1.88  A.  close  agree¬ 
ment  can  be  obtained  between  experimental  value 
and  calculated  value  for  Ar  in  Si  films.  This  sug¬ 
gests  that  Ar  atoms  in  Si  play  an  important  role. 

Fig.  4  shows  the  strain  behavior  as  a  function 
of  annealing  temperature  of  an  Ar  ‘  bombarded 
Ge  film  grown  at  T  =  300  °C  with  J,/J„  =  0.02.  a 
Xe‘  bombarded  Ge  film  grown  at  7'=.300°C 


with  y,//,  =  0.04,  and  an  Ar*  bombarded  Si  film 
grown  at  r=  350°C  with  7,//,  =  0.04.  The  an¬ 
nealing  time  for  Ge  films  is  1  h  and  for  Si  film  is 
30  min.  RBS  results  suggest  that  the  Ar  concentra¬ 
tion  in  annealed  Si  samples  was  practically  con¬ 
stant  in  the  annealing  temperature  range.  If  the 
annealing  behavior  is  explained  by  the  segration 
of  Ar  atoms  to  form  bubbles  or  the  aggregation  of 
native  point  defects  to  form  extended  defects,  a 
monotonic  decrease  in  strain  with  respect  to  an¬ 
nealing  temperature  should  be  expected.  This 
seems  to  suggest  at  least  two  processes  of  defect 
annihilation  or  aggregation  occurred  during  an¬ 
nealing.  From  this  observation  it  was  deduced  that 
migration  of  either  Ar  atoms  or  native  point  de¬ 
fects  alone  is  not  able  to  explain  the  annealing 
behavior.  The  local  strain  field  around  a  trapped 
gas  atom  is  expected  to  be  large,  which  may  cause 
the  inert  gas  atom  to  form  a  complex  in  order  to 
relax  the  local  strain.  On  the  other  hand,  a  native 
defect  (e.g.  vacancy)  may  increase  the  trapping 
probability  for  inert  gas  atoms.  The  nonmono¬ 
tonic  behavior  leads  us  to  speculate  that  the  strain 
modification  is  related  to  Ar-defect  complex  for¬ 
mation. 


Fig.  4  Variation  of  perpendicular  strain,  c  .  with  annealing 
temperature  for  (•)  l(K)  nm  thick  Ge  film  grown  on  Cie 
substrate  at  growth  temperature  T  =  300  °C.  Ar  *  ion  energy 
£,  =  200  eV.  and  ton/atom  flux  ratio  7,//,  =  0.02.  for  (■)  UK) 
nm  thick  Ge  film  grown  on  (Je  substrate  at  growth  tempera¬ 
ture  T  =  300  ®C.  Xe  *  ion  energy  £,  =  200  eV.  and  ion/ atom 
flux  ratio  7, /7,  =  0.04,  and  for  ( O)  100  nm  thick  Si  film  grown 
on  Si  substrate  at  growth  temperature  r=  350°C.  Ar*  ion 
energy  £,  =  100  eV  and  ion/atom  flux  ratio  7,/7j  =  0.04.  The 
annealing  time  for  Cie  films  is  1  h  and  for  Si  film  is  30  min. 
Uncertainty  in  measurement  is  indicated  by  the  -si7.e  of  the 
-symbfil.  The  lines  are  a  guide  to  the  eye. 
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4.  Conclusion 

In  summary,  we  have  observed  large  changes  in 
Si^Ge,_  ,  layer  strain,  by  up  to  1.5%  in  Ge  and 
0.5%  in  Si  during  concurrent  molecular  beam  epi¬ 
taxial  growth  and  low  energy  ion  bombardment 
(lAMBE).  The  films  are  coherent  and  dislocation- 
free.  The  dependence  of  layer  strain  on  ion  energy, 
ion/atom  flux  ratio  and  temperature  are  con¬ 
sistent  with  a  model  in  which  misfit  strain  is 
accommodated  by  free  volume  changes  associated 
with  injection  of  a  uniform  dispersion  of  defects 
consisting  of  native  point  defects  and/or  trapped 
inert  gases.  An  increase  in  strain  of  the  films 
during  annealing  was  observed.  Migration  of 
trapped  gas  atoms  or  native  point  defects  alone 
cannot  explain  the  annealing  behavior. 

In  this  work  we  demonstrate  that  low  energy 
ion  bombardment  during  epitaxy  can  lead  to  large 
changes  in  strain  in  coherent  epitaxial  films  as  a 
result  of  defect  injection.  The  observed  ion 
bombardment-generated  strain  changes  have  two 
important  implications  for  epitaxy: 

-  The  measured  strain  changes  are  an  extremely 
sensitive  indication  of  bulk  defect  generation  in 
epitaxial  layers.  Hence  any  growth  process  that 
employs  ion  bombardment  to  enhance  surface 
kinetics  hut  seeks  to  avoid  bulk  defect  generation 
must  avoid  growth  conditions  leading  'o  the  ob¬ 
served  strain  changes.  This  requirement  can  be 
used  to  define  an  upper  limit  to  the  ion  energy 
that  can  be  employed  for  a  given  ion-substrate 
combination. 

-  Strain  "engineering"  by  controlled  ion  beam 
defect  injection  may  have  interesting  implications 
for  lattice-mismatched  heteroepitaxy.  Since  low- 


energy  ion  bombardment  produces  strain  changes 
without  producing  extended  defects,  such  as  dislo¬ 
cation  and  stacking  faults,  high  quality  epilayers 
can  be  grown  on  top  of  such  layers.  In  the  present 
work,  we  describe  only  changes  in  perpendicular 
strain.  If  equivalent  changes  in  in-plane  strain  can 
be  produced,  it  may  be  possible  to  accommodate 
film-substrate  lattice  mismatch  in  a  novel  manner. 
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Si/SiGe  heterostructures  grown  on  SOI  substrates  by  MBE 
for  integrated  optoelectronics 
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We  have  investigated  the  structural,  electrical,  and  optical  quality  of  epitaxial  Si  and  SiGe  films  grown  by  MBE  on  SIMOX 
(separation  by  implanted  oxygen)  silicon  substrates.  Epitaxial  films  grown  on  these  SOI  substrates  have  been  characterized  using 
planar  and  cross-sectional  TEM,  SIMS,  and  Seeco  chemical  etching  to  delineate  defects.  We  have  fabricated  the  first  Si/SiGe 
integrated  waveguide-photodetector  for  long  wavelength  applications.  Low  reverse  leakage  current  densities  were  seen  in  these  device 
structures.  The  detector  exhibited  a  responsivity  of  0.43  A/W  at  1.1  /tm  with  an  impulse  response  time  of  200  ps. 


1.  Introduction 

The  use  of  silicon-germanium  heterostructures 
permits  the  realization  of  Si-based  optoelectronic 
detectors  in  the  1.3  jam  wavelength  regime,  without 
the  use  of  Ill-V  technology.  P-i-N  photodetec¬ 
tors  and  avalanche  photodiodes  (APDs)  using 
Si/SiGe  strained  layers  have  been  fabricated  by 
Temkin  and  co-workers  [1.2].  Silicon-on-insulator 
(SOI)  structures  are  useful  for  Si-based  integrated 
optoelectronics  since  the  buried  oxide  layer  forms 
a  low  index  confinement  region  that  permits  effec¬ 
tive  waveguiding  in  the  silicon  overlayer.  The  use 
of  SOI  thus  permits  the  integration  of  active 
optoelectronic  devices  with  passive  waveguide  ele¬ 
ments.  In  order  to  realize  these  integrated  device 
structures  epitaxial  growth  of  Si/SiGe  strained 
layer  heterostructures  on  SOI  substrates  is  re¬ 
quired. 

We  have  investigated  the  structural,  electrical, 
and  optical  quality  of  epitaxial  silicon  films  grown 
by  MBE  on  SIMOX  (separation  by  implanted 
oxygen)  silicon  substrates.  We  have  fabricated  the 
first  Si/SiGe  superlattice  p-i-n  integrated  rib 
waveguide  and  detector  structures  on  SOI  sub¬ 
strates  with  excellent  electrical  and  optical  char¬ 
acteristics.  MBE  and  CVD  epitaxial  films  grown 
on  SIMOX  substrates  were  characterized  using 
planar  and  cross-sectional  TEM,  SIMS,  and  Seeco 


chemical  etching  to  delineate  defects.  The  P-i-N 
Si/SiGe  integrated  waveguide-detector  exhibited 
low  reverse  leakage  currents  (10-30  pA/nnr  at  15 
V  reverse  bias)  and  50%  internal  quantum  ef¬ 
ficiency  at  1.1  fim  with  an  impulse  response  time 
of  200  ps. 


2.  Bulk  silicon  films  grown  on  SOI 

The  SIMOX  substrate  used  in  these  experi¬ 
ments  employed  a  three  stage  implant/anneal 
cycle  resulting  in  an  integrated  dose  of  1.8  X  10"* 
ions/cm’  at  200  keV  with  a  total  anneal  cycle  of  6 
h  at  1300°C.  This  results  in  a  4000  A  SiO,  layer 
buried  2000  A  beneath  the  top  silicon  surface  of 
the  substrate.  Fig.  la  shows  a  bare  SIMOX  wafer 
examined  with  an  optical  microscope  using 
Nomarski  image  contrast  to  pos.sess  a  distinct 
medium  “orange  peel"  look.  The  defect  density  in 
the  virgin  SIMOX  wafers  was  determined  using 
the  Seeco  etch  [3j  (2:1  HFiK.Cr.O^  (0.15M)). 
The  Seeco  etch  was  chosen  since  it  has  been 
shown  to  delineate  most  defects  and  provide  an 
upperbound  on  the  defect  density  in  Si  wafers  (4). 
Fig.  lb  shows  a  SIMOX  wafer  that  has  been  Seeco 
etched  3000  A  to  reveal  defects  in  the  buried  oxide 
layer.  Characteristic  raised  defects,  probably 
oxygen  clusters,  can  be  seen  in  fig.  lb.  and  one 
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Fig.  1.  (a)  A  bare  SIMOX  wafer  examined  with  an  optical  microscope  using  Nomarski  image  contrast.  A  distinct  medium  “orange 
peel”  look  can  be  seen,  (b)  A  SIMOX  wafer  that  has  been  Seeco  etched  3000  A  to  reveal  defects  in  the  buried  oxide  layer. 
Characteristic  raised  defects,  probably  oxygen  clusters,  can  be  seen  in  this  region,  (c)  One  such  defect  is  clearly  shown  here.  The 

magnification  in  (b)  and  (c)  is  ten  times  lower  than  in  (a). 


Fig.  2.  A  high  fcsolutioa  TEM  cross-section  of  the  Si/SiOj  lop  interface.  Atomic  fringes  can  be  clearly  seen  in  the  silicon  overiayer. 


938 


y.P.  Kesan  et  ai  /  Si /SiGe  HSs  grown  on  SOI  substrates  by  MBE  for  integrated  optoelectronics 


Fig.  3.  (a)  A  1  /»m  MBE  Si  film  grown  on  SIMOX  on  the  bottom  half,  with  the  top  half  showing  the  same  film  Seeco  etched  5000  A 
to  reveal  defects:  (b)  shows  the  etched  Si  film  in  detail  and  the  film  has  taken  a  rough  appearance  with  some  distinctly  shaped 
defects,  one  of  which  is  shown  in  (c).  The  magnification  in  (a)  and  (b)  is  ten  times  lower  than  in  (c). 


Si/SiGe 

MULTIPLE  QUANTUM 
ITELL  ABSORBING 
REGION 


Fig.  4.  Schematic  view  of  the  integrated  waveguide-detector  structure  showing  both  device  geometry  and  epitaxial  layer  structure. 
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such  defect  is  clearly  shown  in  fig.  Ic.  The  delinea¬ 
tion  of  defects  by  Seeco  etching  in  an  oxide  matrix 
needs  further  study.  A  defect  density  of  (2-5)  x 
10 ’/cm^  was  seen  in  the  silicon  overlayer  after 
etching.  Fig.  2  shows  a  high  resolution  TEM 
cross-section  of  the  Si/SiOj  top  interface.  The  Si 
overlayer  can  be  seen  to  be  defect  free  (below 
TEM  resolution)  and  atomic  fringes  in  the  film 
point  to  its  good  structural  quality. 

Thick  ( =  1  itm)  nominally  undoped  epitaxial  Si 
films  were  grown  on  these  SIMOX  substrates  by 
MBE  and  high  temperature  (1050  °C)  conven¬ 
tional  CVD.  Fig.  3a  shows  a  MBE  Si  film  grown 
on  SIMOX  on  the  bottom  half,  with  the  top  half 
showing  the  same  film  Seeco  etched.  Fig.  3b  shows 
the  etched  Si  film  in  detail  and  the  film  appears  to 
have  taken  a  rough  appearance  with  some  dis¬ 
tinctly  shaped  defects,  one  of  which  is  shown  in 
fig.  3c.  Defect  densities  in  both  the  MBE  grown 
and  CVD  grown  Si  were  found  to  be  around 
lO’/cm^,  suggesting  that  these  defects  originate 


from  the  SIMOX  substrate.  More  details  regard¬ 
ing  the  structural  quality  and  defect  distribution 
in  SIMOX  wafers  and  in  epitaxial  Si  films  grown 
on  them  will  be  presented  elsewhere  [5]. 


3.  Integrated  waveguide  and  P-i-N  detector 

Si/SiGe  P-i-N  integrated  waveguide-detector 
structures  were  grown  on  SIMOX  substrates  by 
MBE  (see  fig.  4).  The  undoped  Si  waveguide  layer 
was  grown  at  650  °C,  after  which  the  substrate 
temperature  was  dropped  to  375  °  C  for  the  growth 
of  the  Si/SiGe  multilayer  structure.  The  substrate 
temperature  was  raised  back  to  450  °C  for  the 
growth  of  the  p^  contact  layer.  The  device  geome¬ 
try  consisted  of  a  nominally  undoped,  Si/Si,  _  ^Ge^ 
multiple  quantum  well  absorbing  region,  with  Si 
p-  and  n-doped  cladding  layers  on  either  side, 
grown  on  a  Si  waveguide  structure  (see  fig.  4).  The 


Fig.  5.  (a)  TEM  cross-section  of  the  entire  P-i-N  Si/SiGe  structure  grown  on  SIMOX. 
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defect  seen  in  the  Si/SiGe  superlattice  region. 
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absorbing  region  consisted  of  a  40  A  Sio4Geo6/ 
210  A  Si,  28  period,  superlattice  (corresponding  to 
an  average  Ge  composition  of  10%  in  this  region). 

Cross-sectional  TEM  showed  the  structural  and 
interface  quality  of  the  complete  device  structure 
to  be  excellent  (see  fig.  5a),  and  fig.  5b  shows  the 
pseudomorphic  SiGe/Si  superlattice  region  in 
greater  detail.  Defects,  which  are  either  stacking 
faults  or  induced  by  particulates,  originating  in 
the  SiGe/Si  superlattice  region  are  seen  in  fig.  5a. 
One  such  defect  is  shown  in  fig.  5c.  The  effective 
Ge  concentration  in  the  Si/SiGe  layers  and  the 
doping  concentration  in  the  contact  layers  were 
determined  by  RBS  and  SIMS  respectively.  The 
waveguide-detector  structure  (see  fig.  1)  was 
fabricated  using  conventional  silicon  fabrication 
techniques  -  RIE  etched  mesas,  PECVD  oxide 
passivation,  and  Ti/Al  contacts.  For  comparison, 
P-i-N  detectors  were  fabricated  on  both  Si  and 
SIMOX  substrates.  /- 1"  characteristics  measured 
on  large  area  devices  grown  on  SOI,  and  ranging 
from  100  /im  X  100  /xm  to  260  jam  x  260  ftm, 
showed  low  reverse-leakage  current  densities.  At  5 
and  1 5  V  reverse  bias,  the  leakage  current  density 
was  1-3  and  10-30  pA/nm'.  respectively,  with  a 
reverse  breakdown  voltage  of  35-40  V  (see  fig.  6). 

Optical  measurements  were  made  by  coupling 
light  both  directly  into  the  Si/SiGe  absorbing 
region  and  into  the  silicon  waveguide,  remote  from 


VOLTAGE  (V) 

Fig.  6  Logarithmic  (left  vertical  axis)  and  linear  (right  vertical 
axis)  DC'  I  y  characteristics  of  the  Si/SiGe  p-i-n  detector 
fabricated  on  SOI  with  an  on-chip  device  area  of  260  pm  x  260 
pm.  The  reverse  lealiage  current  density  at  15  V  reverse  bia.s  is 
16  pA/pmv 


Fig.  7.  Device  impulse  response  when  illuminated  by  100  ps 
pulses  from  a  1.3  pm  Nd :  YAG  laser  at  20  V  reverse  bias.  The 
full  width  half  maximum  of  the  impulse  response  is  200  ps. 


the  detector  active  area.  In  separate  e.xperiments. 
optical  waveguides  30  jumXl  fxmXl  mm  were 
fabricated  in  1  jam  epitaxial  Si  films  grown  on 
SOI.  These  waveguides  exhibited  low  attenuation 
losses  of  1-2  dB/cm  at  1.3  /xm.  The  P-i-N  detec¬ 
tors  with  an  active  device  area  of  930  jam  X  30  /xm 
exhibited  an  internal  quantum  efficiency  of  50%  at 
1.1  /xm  (external  quantum  efficiency  of  12%)  at  10 
V  rever.se  bias.  The  impulse  response  time  (full 
width  at  half  maximum)  of  the  detector  when 
illuminated  by  70  ps  pulses  at  1.06  /xm  and  100  ps 
pul.ses  at  1.3  jam.  both  obtained  from  a  Nd  :  YAG 
laser,  was  200  ps  (.see  fig.  7).  The  speed  of  the 
detector  appears  to  be  limited  by  the  RC  time 
constant  of  the  device.  The  detector  exhibited  a 
peak  spectral  response  at  1  06  /xm  at  room  temper¬ 
ature.  in  good  agreement  with  calculated  transi¬ 
tion  energies  between  confined  light  hole  valence 
band  states  to  four-fold  electron  conduction  band 
states  in  the  Si/SiGe  multiple  quantum  well  struc¬ 
ture.  The  peak  response  of  the  detector  is  hence 
tunable  by  varying  the  physical  parameters  of  the 
multiple  quantum  well  structure.  The  DC  electri¬ 
cal  and  optical  characteristics,  i.e..  rever.se  leakage 
current,  quantum  efficiency,  nod  speed,  are  the 
best  reported  so  far  for  Si/SiGe  p-i-n  detectors. 
More  details  regarding  the  optical  performance  of 
these  detectors  will  be  reported  elsewhere  (6). 
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4.  Conclusion 

We  have  investigated  the  structural,  electrical, 
and  optical  quality  of  epitaxial  Si  and  SiGe  films 
grown  by  MBE  on  SIMOX  (separation  by  im¬ 
planted  oxygen)  silicon  substrates.  We  have 
fabricated  the  first  Si/SiGe  integrated  waveguide- 
photodetector  for  long  wavelength  applications. 
Low  reverse  leakage  current  densities  were  seen  in 
these  device  structures.  The  detector  exhibited  a 
responsivity  of  0.43  A/W  at  1.1  /im  with  an 
impulse  response  time  of  200  ps.  Our  results  show- 
promise  for  an  integrated  preamplifier/detector 
for  an  all  Si-based  long  wavelength  receiver. 
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The  growth  and  el^Jronic  properties  of  a-Sn  thin  films  grown 
on  InSb(lOO)  and  (111)  substrates  by  molecular  beam  epitaxy  (MBE) 
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The  growth  and  electronic  properties  of  a-Sn  films  grown  on  InSb(100)  and  (ITT)  are  investigated  by  RHEED.  Shubnikov-De 
Haas  (SDH)  and  magneto-optical  studies.  Two  new  structures,  p(2x2)  and  c(4x4)  apart  from  the  commonly  observed  two-domain 
(2x1).  are  observed  on  the  (100)  surfaces  when  the  overlayer  thicknesses  approach  500  A  and  1000  A  respectively.  The 
a-Sn/InSb(lll)  surface  exhibits  a  (3  x  3)  reconstruction  up  to  an  overlayer  thickness  of  1000  A  and  a  (3  x  1)  is  developed  on  further 
growth.  It  is  found  that  not  only  the  surface  structures  of  the  a-Sn  film  vary  with  substrate  orientations  and  the  thicknesses  of  the 
overlayer,  the  charge  concentration  of  the  two  dimensional  electron  gas  (2DEG)  at  the  interface  also  exhibits  similar  behaviour.  The 
properties  of  the  2DEG  are  investigated  by  Shubnikov-De  Haas  (SDH)  experiments  and  possible  mechanisms  responsible  for  the 
occurrence  of  the  2DEG  are  discussed.  Magneto-optical  data  indicate  the  presence  of  carriers  due  to  the  a-Sn  layer  with  m*  ranging 
from  0.028m,,  to  0.034mo. 


1.  Introduction 

The  observation  of  a  two-dimensional  electron 
gas  (2DEG)  at  the  interface  of  a  lattice-matched 
nonpolar-polar  system,  namely  the^a-Sn/InSb 
heterostructure  [1],  has  already  been  reported.  Re¬ 
sults  from  .samples  with  various  film  thicknesses 
seem  to  suggest  that  the  electronic  properties,  in 
particular  the  2DEG.  may  be  related  to  the  surface 
structures  of  the  substrate  and  the  overlayer.  In 
this  paper  we  will  present  a  brief  report  of  the 
growth  and  electronic  properties  of  a-Sn  films 
grown  on  InSb(lOO)  and  (ITT)  surfaces  as  studied 
by  reflection  high  energy  electron  diffraction 
(RHEED)  [2].  Shubnikov-De  Haas  (SDH)  and 
magneto-optical  measurements.  The  properties  of 
the  2DEG  will  then  be  discussed  in  the  light  of  the 
various  experimental  results.  A  detailed  analysis 
of  the  SDH  and  magneto-optical  data  for  the  a-Sn 
films  will  be  reported  elsewhere  [3]. 

The  growth  of  a-Sn  and  a-Sn,^  ,Ge,  thin  films 
has  recently  been  the  subject  of  considerable  inter¬ 
est  following  the  pioneering  work  of  Farrow  et  al. 
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**  Blackett  Laboratory. 


(4).  Several  groups  have  independently  reported 
the  growth  of  high  quality  n-type  a-Sn  thin  films 
on  CdTe  [5-9]  and  InSb  [10]  substrates.  The  con¬ 
finement  of  carriers  in  the  thin  film  (quantum  size 
effect)  has  recently  been  reported  [8].  but  ap¬ 
parently  a  2DEG  was  not  observed. 


2.  Experimental 

The  samples  investigated  were  0.02-0.35  pm 
thick  o-Sn  overlayers  grown  on  InSb(lOO)  and 
(TTT)  surfaces  (Cd  doped  to  lO'^  cm  '  for  the 
p-type  and  Te  doped  to  10'''  cm  '  for  the  n-type: 
both  supplied  by  MCP.  UK),  using  a  three-cham¬ 
ber  MBE  machine.  Details  of  the  growth  and 
sample  preparation  have  been  reported  in  earlier 
papers  [1.2]  and  will  not  be  repeated  here. 

3.  Results  and  discussion 

3.1.  Surface  structures  of  a-SnllQQ)  and  (JJJ)  films 

Surface  structures  of  the  a-Sn  films  grown  on 
InSb  substrates  have  been  studied  by  RHEED 
using  a  multi-azimuthal  approach.  Diffraction 
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streaks  in  several  Laue  zones  of  the  RHEED 
patterns  obtained  from  three  different  azimuths 
are  examined  as  a  function  of  film  thicknesses. 
This  “multi-azimuthal,  multi-Laue  zone”  diffrac- 


INT.  (a  u  ) 


tion  analysis  is  essential  for  the  study  of  complex 
surface  structures  in  which  several  surface  do¬ 
mains  coexist  at  the  same  time.  For  instance,  half 
order  streaks  along  (110)  azimuths  together  with 
an  integral  streak  along  [100]  can  both  be  found  in 
the  zeroth  Laue  zone  of  two-domain  (2x1)  as 
well  as  two-domain  c(4  X  2)  structures.  The  dif¬ 
ference  between  these  two  structures  can  only  be 
distinguished  from  the  diffraction  streaks  in  higher 
order  Laue  zones  [2]. 

The  growth  of  a-Sn  on  InSb(100)-(4  X  2)  starts 
with  the  quenching  of  the  substrate  superstructure 
for  the  first  20  A,  leaving  a  bulk  structure  together 
with  strong  background  in  the  RHEED  patterns. 
Using  a  growth  rate  of  about  0.5  ftm/h,  the  surface 
structures  of  the  a-Sn  films  undergo  a  thickness 
dependent  change;  two-domain  (2  x1),  p(2  X  2) 
and  c(4  x  4)  structures  are  observed  at  film  thick¬ 
nesses  of  20,  500  and  1000  A  respectively.  When 
the  film  thickne.ss  exceeds  1000  A,  the  surface 
structure  becomes  very  complicated;  ID  di.sorder 
accompanied  by  atomic  steps  is  observed.  The 
presence  of  these  structures  on  the  a-Sn(lOO) 
surface  has  been  compared  with  that  of  SiflOO). 
and  a  dimer  model  [2]  has  been  proposed  to 
account  for  the  occurrence  of  these  structures  on 
the  a-Sn(lOO)  surface. 

The  growth  of  a-Sn/lnSb(Tli)-(3  x  3)  is  sim¬ 
pler  than  that  of  the  (100)  surface;  a  (1  X  1)  bulk 
structure  is  ob.served  for  the  first  20  A  of  growth 
and  then  a  (3x3)  structure  takes  over  until  the 
thickness  exceeds  1000  A.  Further  growth  reduces 
the  intensity  of  the  1/3  order  streak  along  [112] 
and  a  (3x1)  structure  begins  to  develop  as  the 
film  thickness  reaches  about  1200  A.  The  observa¬ 
tion  of  the  (3  X  3)  structure  agrees  with  that  re- 


Fig,  1.  (a)  Fxperimenlal  recordings  of  Ihe  second  derivative  of 
the  magnetoresistance  of  an  o-Sn/lnSb  structure  at  4.2  K  with 
the  magnetic  field  applied  perpendicular  to  the  plane  of  the 
sample  for  the  (i)  200  A  and  (ii)  3000  A  thick  film  grown  on 
InSbtlOO).  and  (iii)  1200  A  thick  film  grown  on  InSh(fll) 
surfaces  (b)  The  corresponding  FFT  power  spectrum  for  these 
three  samples  and  (c)  diamagnetic  resonances  due  to  depopula¬ 
tion  of  carrier  into  lower  subbands  when  magnetic  field  is 
applied  parallel  to  the  plane  of  the  sample.  Depopulation  fields 
of  individual  subbands  are  indicated  by  the  arrows. 
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ported  by  Kasukabe  et  al.  [11]  but  differs  from  the 
(1  X  1)  structure  observed  by  Hochst  et  al.  [12]. 

Note  that  the  surface  structures  of  the  a-Sn 
films  depend  on  the  overlayer  thickness  and  sub¬ 
strate  orientations.  It  is  found  that  the  2DEG 
exhibits  similar  behaviour:  the  carrier  concentra¬ 
tion  of  the  2DEG  seems  to  be  affected  by  the 
orientation  as  well  as  the  thickness  of  the  sample 
(see  section  3.2  below). 

3.2.  Shubnikov-De  Haas  results 

Hall  measurements  indicated  that  the  first  few 
structures  grown  in  the  reactor  were  p-type  but 
that  later  samples  were  n-type  even  for  films  only 
200  A  thick.  The  presence  of  a  high-density  2DEG 
is  evident  from  the  complicated  magnetoresistance 
structures  as  depicted  in  fig.  la.  Note  the  remarka¬ 
ble  difference  between  the  peak  structures  ob¬ 
served  from  the  thick  (3000  A)  and  the  thin  (200 
A)  films.  Due  to  the  complicated  oscillatory  struc¬ 
tures  in  the  magnetoresistance,  fast  Fourier  trans¬ 
form  (FFT)  of  the  magnetoresistance  data  is  re¬ 
quired  to  determine  the  (1/fl)  periodicity  and  to 
identify  individual  subbands.  The  FFT  power 
spectrum  shown  in  fig.  lb  indicates  distinctly  the 
existence  of  as  many  as  nine  subbands  in  the 
a-Sn/InSb(Tn)  sample.  When  the  magnetic  field 
is  applied  parallel  to  the  sample  surface,  the  bot¬ 
tom  of  the  electric  and  magnetic  hybrid  subbands 
will  be  shifted  upwards  through  the  Fermi  level. 
As  a  result,  charge  carriers  will  be  redistributed  to 
the  lower  subbands.  The  reduction  in  inter-sub- 
band  scattering  gives  rise  to  “diamagnetic  reso¬ 
nances”.  Fig.  Ic  shows  parallel  field  measurements 
which  consistently  demonstrate  the  presence  of  a 
large  number  of  subbands  in  the  thin  film. 

The  results  of  “tilting”  experiments  in  which 
the  magnetic  field  is  rotated  to  a  variable  angle  $ 
with  respect  to  the  normal  of  the  growth  plane  can 
be  very  informative.  For  a  true  2DEG  the  funda¬ 
mental  fields  of  the  Shubnikov-De  Haas  series 
should  increase  as  1/cos  6,  i.e.  the  separation  of 
the  Landau  levels  should  decrease  with  increasing 
0.  On  the  other  hand,  spin-splitting  should  be 
independent  of  0  for  isotropic  conduction  bands 
with  the  result  that  it  should  become  progressively 
more  significant  as  9  increases.  Rotation  measure- 
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Fig.  2.  The  FFT  power  .spectra  for  the  a-Sn/lnSb<TTT)  sample 
with  the  magnetic  field  applied  at  angle  0  to  the  normal  of  the 
surface  plane.  Note  that  the  fundamental  field  for  the  sub¬ 
bands  has  been  scaled  to  the  B  cos  0  term.  i.e.  for  a  perfect 
2DEG  the  peaks  should  follow  the  dashed  line.  At  about 
#  =  45°  some  peaks  appear  to  merge  together:  this  could  be 
attributed  to  the  change  of  Landau  level  spacing  relative  to 
that  of  the  spin-.splitting  as  0  increases. 

ments  were  performed  with  a-Sn/InS^lOO)  and 
(111)  samples  and  the  results  for  the  (111)  surface 
are  shown  in  fig.  2.  With  this  sample,  spin-split- 
ting  apparently  became  dominant  at  an  angle  of 
approximately  45°.  Up  to  32°.  the  Fourier  peaks 
from  the  first  two  subbands  showed  little  in¬ 
fluence  of  spin  whereas  the  spin-splitting  terms  for 
subbands  with  /  >  3  became  much  weaker  on  rota¬ 
tion.  Note  that  almost  all  of  the  subbands  follows 
the  1  /cos  9  rule.  On  the  other  hand,  experiments 
taken  with  small  intervals  in  9  with  spike-doped 
InSb  grown  at  low  temperature  (240  °C)  showed 
some  deviation  from  the  1/cos  9  relationship  at 
small  angles  [3].  While  diffusion  of  Si  dopant  in 
these  sample  is  expected  to  be  low  [13],  it  may  still 
be  significant  on  the  scale  of  the  cyclotron  radius. 
Moreover,  Fourier  analysis  data  on  6-doped  InSb 
samples  indicated  that  the  spin-splitting  terms  did 
not  become  dominant  until  50°.  The  signifi¬ 
cant  differences  between  the  a-Sn  structures  and 
the  8-InSb  layers  suggest  that  the  2DEG  in  the 
former  case  involves  the  a-Sn  layer  itself  and  that 
little  intermixing  of  the  Sn  and  InSb  has  occurred 
away  from  the  interface,  i.e.  an  abrupt  heterojunc¬ 
tion  is  formed. 
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Substrates  subjected  to  the  cleaning  procedure 
without  subsequent  epitaxial  growth  do  not  ex¬ 
hibit  any  SDH  oscillations,  demonstrating  that  the 
2DEG  is  not  created  by  substrate  cleaning 
artefacts.  The  2DEG  charge  density  seems  to  be 
affected  by  the  thickness  of  the  a-Sn  film  in  a 
complex  manner;  for  film  thickness  below  3000  A 
it  increases  with  overlayer  thickness  but  it  shows 
an  opposite  trend  when  the  overlayer  thickness 
exceeds  3000  A.  Similarly,  on  reducing  the  thick¬ 
ness  of  a  3000  A  a-Sn  film  by  etching  in  HCl  for  2 
min,  the  total  charge  density  falls  by  about  10%. 
One  possibility  is  that  the  shape  of  the  potential 
well  may  change  because  the  dielectric  constant  of 
the  a-Sn  films  varies  with  film  thickness  [14]. 
Dielectric  effects  can  also  alter  the  potential  of  the 
well  via  the  image  force.  We  detect  no  SDH 
structures  from  films  grown  on  n-type  InSb  sub¬ 
strates  even  using  field  modulation  techniques. 
However,  the  effect  may  have  been  masked  by  the 
high  conductance  of  the  n-InSb  substrate. 

One  important  question  remaining  to  be 
answered  is  the  origin  of  the  2DEG.  Quantum  size 
effects  cannot  be  fully  responsible  for  the  2DEG: 
for  a  square  well,  the  difference  of  the  consecutive 
subband  energies  as  well  as  their  occupancy  dif- 


INT.  (a  u  ) 


Fig.  3.  The  magneto-optical  spectrum  for  (a)  3000  A  and  (b) 
200  A  thick  a-Sn  Films  grown  on  p-lnSb(100)  surface.  Laser 
wavelength  >=  96  fim.  The  two  peaks  St  and  S2  are  due  to  the 
bound  hole  (s-p)  transitions  of  the  p-InSb  while  the  structures 
A  and  B  are  the  cyclotron  resonances  of  carriers  in  the  bulk 
a-Sn  film. 


ference  should  increase  with  decreasing  film  thick¬ 
ness.  Fig.  lb  indicated  that  the  reverse  trend  is 
true  for  a-Sn/InSb  films  and  that  the  ratio  of  the 
subband  occupancies  are  relatively  con¬ 

stant  (--  1.5)  for  both  thin  and  thick  films  [3]. 

Hall  measurements  indicated  that  the  apparent 
bulk  carrier  concentration  of  a-Sn  films  grown  on 
low  doped  p-InSb(lOO)  is  of  the  order  of  10'^ 
cm~^.  At  4.3  K  the  Fermi  levels  for  the  a-Sn  and 
p-lnSb  are  about  20  and  1  meV  above  the  valence 
bands  of  the  two  materials,  respectively.  Using  the 
valence  band  offset  of  400  +  75  meV  determined 
by  core-level  photoemission  studies  [15],  the 
vacuum  Fermi  level  of  a-Sn  would  be  about  420 
±  75  meV  above  that  of  InSb.  In  view  of  the 
narrow  bandgap  and  high  carrier  concentration  of 
the  a-Sn  layer,  most  of  the  band  bending  will 
occur  in  the  wider  bandgap  InSb  (250  meV)  and 
the  space  charge  region  could  extend  several 
thousand  Angstroms  into  the  bulk.  However,  a 
large  concentration  of  interface  states,  which 
should  vary  with  surface  orientation,  will  alter  the 
interfacial  potential  substantially. 

3.3.  Magneto-optical  results 

In  order  to  understand  the  nature  of  the  2DEG 
as  well  as  the  properties  of  the  carriers  present  in 
the  bulk  of  the  a-Sn  films,  high  resolution  mag¬ 
neto-optical  experiments  have  been  performed  in 
the  Faraday  configuration.  Fig.  3  shows  the  pho¬ 
toconductivity  response  from  3000  and  200  A 
thick  overlayers  at  a  laser  wavelength  of  96  pm. 
The  two  structures  labelled  S,  and  S,  are  the 
bound  hole  transitions  (s-p)  due  to  the  Cd  dopant 
in  the  InSb  substrate  [3].  A  broad  hump  at  about  5 
T  can  be  observed  in  the  thinner  film  which 
quenches  when  the  film  thickness  increases.  Simi¬ 
lar  behaviour  is  observed  in  the  118  pm  wave¬ 
length  spectrum.  This  structure  is  tentatively  at¬ 
tributed  to  the  2DEG.  On  the  other  hand,  two 
sharp  peaks  labelled  A  and  B,  which  are  also 
found  in  the  118  pm  wavelength  spectrum  are 
identified  as  cyclotron  structure.s  having  effective 
masses  of  0.028mQ  and  0.034mo,  respectively.  Note 
that  these  structures  are  almost  unobservable  in 
the  thin  sample,  indicating  that  they  are  due  to  the 
a-Sn  overlayer.  An  effective  mass  of  0.033wo  with 
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broad  resonance  structure  has  also  been  observed 
in  a-Sn/CdTe  samples  [16]. 


4.  Conclusion 

Surfaces  of  a-Sn(lOO)  films  exhibit  two-domain 
(2  X  1),  p(2  X  2)  and  c(4  X  '^  structures  depending 
on  the  film  thickness  while  (HI)  films  show  (3x3) 
and  (3x1)  reconstructions. 

The  properties  of  the  2DEG  at  the  interface  of 
a-Sn/lnSb  have  been  investigated  by  Shubnikov- 
De  Haas  measurements  and  data  from  various 
thicknesses  of  a-Sn  overlayers  grown  on  InSb(lOO) 
and  (Til)  indicate  that  cross-doping  may  not  be 
the  only  factor  responsible  for  the  occurrence  of 
the  2DEG.  Although  the  a-Sn  overlayers  do  affect 
the  properties  of  the  2DEG.  it  is  believed  that 
interface  states  due  either  to  the  formation  of  a 
dipole  layer  when  a  nonpolar  material  is  grown  on 
a  polar  substrate  [17,18],  or  to  the  localized  states 
induced  by  the  epilayer  [19],  may  be  important 
factors  responsible  for  the  occurrence  of  the 
2DEG.  In  order  to  reveal  the  interfacial  energy 
band  diagram  of  this  nonpolar/polar  system,  fur¬ 
ther  information  concerning  the  electronic  and 
structural  properties  of  a-Sn  layers  in  the  interfa¬ 
cial  region  is  needed. 

Due  to  the  overlapping  of  transition  energies  of 
bound  holes  and  cyclotron  resonance  structures, 
magneto-optical  data  could  not  unambiguously 
indicate  the  presence  of  carriers  due  to  the  InSb 
substrate.  On  the  other  hand,  carriers  due  to  a-Sn 
films  with  effective  masses  ranging  from  0.028wo 
to  0.034aio  are  observed  from  thick  film  samples. 
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Two  types  of  growth  conditions  have  been  obtained  that  consistently  overcome  the  formation  of  epitaxially  misoriented  grains  in 
CoSi../Si(001).  One  is  by  codeposition  of  Co  and  Si  at  Co-rich  ratios  at  a  substrate  temperature  of  -  SCXl'C.  This  method  yields 
films  of  low  resistivity  (16  fiSl  cm)  and  low  ion  channeling  minimum  yield  (Xmm  *  but  the  misfit  dislocation  densities  are  of  the 
order  of  10-  cm  " The  second  way  uses  a  template  method  of  growth  after  an  epitaxial  Si  buffer  layer.  Films  grown  this  way  have 
somewhat  higher  resistivities  than  those  grown  by  the  first  method,  but  have  lower  misfit  dislocation  densities.  The  strain  relief 
mechanism  in  these  films  also  appears  to  be  different  from  that  of  cod^osited  films.  Pinhole  densities  in  films  grown  by  both 
methods  are  below  our  detection  limit  of  10^  cm  ‘ '. 


1.  Introduction 

Epitaxial  CoSi,  on  silicon  is  a  material  system 
of  interest  because  of  possible  applications  such  as 
buried  epitaxial  metal  layers  and  use  in  novel 
devices  such  as  the  metal-base  transistor.  Most 
work  has  focused  on  CoSij/Siflll),  because  very 
high  quality  films  (1-3),  and  even  multilayers  [1,4], 
with  essentially  perfect  interfaces  can  be  routinely 
obtained.  Current  silicon  field-effect  transistor 
technology  uses  the  (001)  surface;  however,  so  that 
the  growth  of  CoSij  on  Si(OOl)  would  have  greater 
technological  impact.  Furthermore,  in  applications 

*  Present  address:  Department  of  Materials  Science,  Univer¬ 
sity  of  Virginia,  Charlottesville,  Virginia  22903,  USA. 

**  Present  address:  Central  Research  Laboratories,  Matsushita 
Electric  Ind.  Co.,  Ltd.,  Moriguchi.  Osaka  370.  Japan. 


like  the  metal- base  transistor,  the  transport  of  hot 
electrons  across  the  CoSii/Si  interface  must  con¬ 
serve  crystal  momentum  parallel  to  the  interface. 
A  recent  calculation  [5]  of  the  CoSii  band  struc¬ 
ture  has  shown  that  appropriate  momentum  states 
do  not  exist  in  CoSij  for  injection  of  electrons 
along  the  (111)  direction  near  the  Si  conduction 
band  minima,  but  do  exist  for  injection  along  the 
(001)  direction. 

Unfortunately,  in  contrast  to  the  growth  of 
CoSi2  on  Si(lll),  the  epitaxial  growth  of  CoSi2  on 
Si(OOl)  by  molecular  beam  epitaxy  (MBE)  [6]  is 
rather  challenging.  The  growth  conditions  used  to 
obtain  high-quality  epitaxial  CoSi2  on  Si(lll)  sub¬ 
strates  will  result  in  films  with  varying  amounts  of 
misoriented  grains  when  applied  to  Si(001)  sub¬ 
strates.  The  relative  difficulty  in  growing  good 
quality  CoSi2  on  Si(OOl)  by  MBE,  as  compared  to 
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growing  on  the  Si(lll)  surface,  may  be  due  to  a 
higher  interface  free  energy  for  CoSijfOOl)/ 
Si(OOl)  as  compared  to  CoSi^flllVSiflll)  [7], 
Yalisove  et  al.  [8]  have  employed  a  template  tech¬ 
nique  of  growth  and  have  observed  two  dominant 
epitaxial  orientations,  CoSijfOOl)  on  Si(OOl)  and 
CoSi2(110)  on  SifOOl).  They  reported  obtaining 
films  with  greater  than  95%  of  either  orientation 
by  varying  growth  conditions.  It  was  reported  that 
room-temperature  deposition  of  an  appropriate 
template  of  Co  and  Si  was  necessary  because 
direct  codeposition  at  temperatures  greater  than 
200  °  C  resulted  in  polycrystalline  or  islanded  films. 
Since  epitaxial  Si  overgrowth  requires  CoSi2  films 
of  a  single  epitaxial  orientation,  it  is  desirable  to 
obtain  a  reliable  method  for  growing  (001)  CoSij 
on  (001)  Si  without  misoriented  grains.  In  this 
paper,  we  show  that  pure  (001)  CoSij  (i.e.,  free  of 
misoriented  grains  to  within  detection  limits)  with 
good  resistivity  (16  fiil  cm)  and  good  crystal  qual- 
'ly  (Xrran  =  2%),  may  be  obtained  by  direct 
codeposition  of  Co  and  Si  at  high  temperature 
( -  500  °  C)  and  at  Co-rich  stoichiometries.  Some 
template  recipes,  when  used  on  epitaxially-grown 
Si  buffer  layers,  also  result  in  pure  (001)  CoSi^. 
but  the  resistivity  of  single-orientation  films  ob¬ 
tained  in  this  manner  is  somewhat  higher  (20-24 
nQ  cm).  The  pinhole  densities  for  both  of  these 
growth  techniques  are  below  our  detection  limit  of 
lO’  cm“‘. 


2.  Growth 

Epitaxial  layers  of  CoSij  were  grown  on  5-inch 
Si  wafers  in  a  MBE  system  with  base  pressure  of 
3  X  10  "  mbar.  Pressures  during  growth  were  in 
the  mid  10  mbar  range.  n-Type  wafers  were 
used,  with  resistivities  between  3  and  16  12  cm, 
and  with  surfaces  oriented  within  0.2°  of  the  (001) 
axis.  They  were  loaded  into  the  MBE  system  within 
15  min  of  an  RCA  chemical  cleaning,  were  ther¬ 
mally  cleaned  at  high  temperature  ( -  850  °  C), 
and  then  ramped  down  to  the  growth  temperature. 
Cobalt  was  deposited  at  a  rate  of  0.2  A/s,  and  the 
stoichiometry  of  the  codeposited  film  was  con¬ 
trolled  by  independently  setting  the  silicon  deposi¬ 
tion  rate.  Deposition  rates  were  monitored  by 


electron-impact  emission  spectroscopy  (EIES)  and 
feedback-controlled  to  within  2%.  Three  main 
growth  methods  were  investigated:  deposition  of 
Co  at  various  temperatures  (400-600  °C),  codepo¬ 
sition  of  Co  and  Si  at  various  temperatures  and 
stoichiometries,  and  use  of  what  has  been  called 
the  template  method  [2,3],  where  an  ultrathin  sili- 
cide  layer  is  formed  by  room  temperature 
codeposition  followed  by  an  anneal,  before  subse¬ 
quent  codeposition  of  metal  and  Si  to  form  a 
thicker  film. 


3.  Experimental  results  and  discussion 

As  shown  previously  [9],  films  grown  by  deposi¬ 
tion  of  Co  alone  (cobalt-deposited  films)  were 
found  to  contain  misoriented  grains,  pinholes,  and 
misfit  dislocations.  Detailed  transmission  electron 
microscopy  (TEM)  analysis  on  films  grown  at 
-460  and  -  500°C  showed  misoriented  grains 
with  epitaxial  relationship  CoSi,(22T)//Si(001). 
Cross-sectional  TEM  revealed  that  these  cobalt- 
deposited  films  to  have  roughened  interfaces,  with 
faceting  along  (111)  planes,  and_  (221)  grains 
aligned  with  (111)  facets.  The  (221)  misoriented 
grain  may  then  be  understood  as  arising  from 
twinning  on  (111)  facets,  which  is  consistent  with 
the  fact  that  type-B  CoSi  2  is  -observed  to  grow 
preferentially  on  Si(lll).  Fig,  1  is  a  cross-sectional 
TEM  micrograph  of  a  film  grown  by  deposition  of 
cobalt  at  —  500  °  C,  showing  the  misoriented 
grains  lying  on  (111)  facets.  Faceting  may  be  due 
to  the  large  amount  of  mass  transport  (necessary 
for  the  formation  of  the  disilicide  phase)  which 
facilitates  the  formation  of  energetically  preferred 
interfaces.  In  addition,  the  misoriented  grains  in 
these  films  are  always  associated  with  pinholes  [9], 

Since  the  formation  of  misoriented  grains  in 
cobalt-deposited  films  is  associated  with  the  facet¬ 
ing  of  the  interface,  one  may  try  to  prevent  them 
from  forming  by  reducing  the  amount  of  diffusion 
necessary  across  the  CoSi  2/Si  interface.  However, 
films  grown  by  codeposition  of  Co  and  Si  in 
stoichiometric  (1 :  2)  ratio  at  -  500  °  C.  in  which 
no  diffusion  is  necessary,  were  still  found  to  con¬ 
tain  (221)  misoriented  grains.  Films  grown  by 
stoichiometric  codeposition  at  lower  temperatures 
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Fig.  1.  Cross-secaonal  TEM  micrograph  of  a  360  A  thick  CoSi,  film  grown  b>  deposition  of  Co  at  -  500°C,  showing  (221) 

misorienied  grains  aligned  with  (1 1 1 )  facets. 


Fig.  2.  Planar  view,  bright  field  TEM  image  of  a  360  A  thick  CoSij  film  codcposited  at  -  SOO'C  in  1  ;2  ratio,  showing  (221) 
misoriented  grains  (bright  areas)  and  dislocations  ( Z  *  ((X)!].  g  *  (220)). 
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Fig.  3.  TEM  diffraction  pattern  for  the  same  film  shown  in  fig.  2,  tilted  -12°  away  from  the  [001]  axis,  towards  the  [010]  direction. 

in  order  to  reveal  spots  due  to  (22T)  grains. 


were  found  to  be  inferior  with  poor  ion  channeling 
minimum  yields.  Fig.  2  is  a  TEM  micrograph  of  a 
360  A  thick  film  grown  by  codeposition  at 
-  500  “Cat  the  correct  stoichiometric  ratio,  show¬ 
ing  misfit  dislocations  and  (221)  misoriented 
grains.  Unlike  the  cobalt  deposited  films,  these 
grains  are  not  associated  with  pinholes.  Since  TEM 
diffraction  spots  from  (221)  grains  coincide  with 
diffraction  spots  from  the  (001  )-oriented  film  when 
taken  along  the  [001],  one  has  to  tilt  slightly  from 
the  [001]  zone  axis  to  reveal  extra  spots  due  to 
(221)  misoriented  grains.  Fig.  3  shows  such  a  TEM 
diffraction  pattern  for  the  film  in  fig.  2,  with  extra 
spots  due  to  misoriented  grains.  The  only  misfit 
dislocations  observed  in  these  films  were  edge 
dislocations  with  a  Burgers  vector  of  the  type 
j(llO)  (as  determined  from  conventional  diffrac¬ 
tion  contrast  experiments).  For  films  grown  by 
codeposition  of  Co  and  Si  in  stoichiometric  ratio, 
we  expect  the  mechanism  for  the  formation  of 
misoriented  grains  to  be  different  from  that  in 
cobalt-deposited  films,  since  no  diffusion  or  mass 
transport  through  the  CoSij/Si  interface  is  neces¬ 
sary  in  the  former.  Improving  the  surface  quality 
by  growing  epitaxial  Si  buffer  layers  prior  to  CoSij 


growth  still  does  not  result  in  single-orientation 
films,  although  it  did  improve  CoSi,  grown  by  the 
template  technique,  as  will  be  shown  later.  Al¬ 
though  the  mechanism  for  the  nucleation  of  miso¬ 
riented  grains  on  stoichiometrically-codeposited 
films  is  not  understood,  we  observed  that  it  is 
possible  to  suppress  it  by  forming  the  CoSi^/Si 
interface  below  the  original  substrate  surface.  This 
requires  Co-rich  codeposition  ratios,  so  that  suffi¬ 
cient  diffusion  occurs  across  the  CoSii/Si  inter¬ 
face  to  suppress  the  nucleation  of  misoriented 
grains.  However,  the  Co  content  should  not  be 
rich  enough  to  facilitate  faceting,  which  would 
again  result  in  misoriented  grains. 

A  set  of  CoSi2  films  were  grown  in  which  the 
Co-to-Si  codeposition  ratio  was  varied  between 
1 ;  2  and  1  : 0.  Films  grown  at  Co  to  Si  codeposi¬ 
tion  ratios  of  1 : 1.8  and  1 : 1.6  were  found  to  be 
pure  (()01)-oriented  CoSi2  films,  free  of  misori¬ 
ented  grains  to  ■within  the  limits  of  the  TEM 
technique.  Fig.  4  is  a  plane-view  TEM  micrograph 
of  a  360  A  film  grown  by  codeposition  of  Co  and 
Si  in  1 : 1.8  ratio  at  -  500  ®C.  Fig.  5  is  a  cross-sec¬ 
tional  TEM  micrograph  of  the  same  film,  showing 
a  flat  interface.  No  extra  diffraction  spots  due  to 
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Fig.  4.  Bright  field  TEM  image  of  a  360  A  thick  CoSi2  film  codeposited  in  1 : 1.8  ratio  at  -  SOO“C.  Only  dislocations  are  visible 

(Z*(0ni,  «*<220)). 


misoriented  grains  were  observed  even  when  the 
sample  was  tilted.  Ion  channeling  minimum  yields 
(Xm.n)  fof  reproducibly  ~2%. 


Fig.  6  shows  Rutherford  backscattering  (RBS) 
channeling  and  random  spectra  for  a  film  with  a 
codeposition  ratio  of  1 : 1.8.  Incident  ions  were  2 


Fig.  5.  Cross-sectional  TEM  micrograph  of  the  same  film  shown  in  fig.  4,  showing  a  flat  interface. 
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Fig.  6.  R8S  channeling  and  random  spectra  of  a  .360  A  thick 
CoSi;  film  codepo.sited  in  1  : 1.8  ratio  al  ~  500  °C.  with  Xnun 
-  Z'i.  using  2  MeV  '“He*  ions  and  a  grazing  exit  angle 
geometry. 


MeV  ■‘He',  and  a  grazing  exit  angle  detector 
geometry  (  -  5°  from  surface)  was  used.  The  resis¬ 
tivity  of  films  grown  in  this  manner  was  the  lowest 
(16  fiQ  cm)  among  all  the  (001)  CoSi,  films, 
including  those  grown  by  other  methods.  The  ac¬ 
curacy  of  codeposition  ratios  is  .set  by  the  calibra¬ 
tion  of  deposition  rates,  which  were  accurate  to 


better  than  10%.  Table  1  summarizes  the  results  of 
varying  the  Co  to  Si  codeposition  ratio.  Faceting 
is  found  to  occur  at  a  1:1  codeposition  ratio. 
Misoriented  grains  are  found  to  occur  at  1 ;  1  and 
1 : 2  codeposition  ratio.  Films  of  single  (001 ) 
orientation  occur  at  ratios  of  1;].6  and  1:1.8, 
The  resistivities  and  channeling  minimum  yields 
do  not  vary  significantly  over  the  range  of  ratios 
1 : 1.4  to  1  : 1.8.  Thus,  the  growth  of  high-quality, 
single-orientation  (001)  CoSii  on  Si  po.ssible  by 
the  direct  codeposition  of  Co  and  Si  at  high  tem¬ 
peratures  and  at  Co-rich  codeposition  ratios. 

The  template  technique  of  silicide  growth  [2.3] 
has  been  used  to  grow  high  quality  CoSi^  and 
NiSi,  on  Si(lll).  The  template  technique  was  also 
investigated  in  this  study.  Several  template  recipes 
were  used.  One  of  these  involved  depositing  an 
initial  2  A  of  Co,  then  codeposiiing  2  A  of  Co  and 
7.2  A  of  Si,  all  at  room  temperature,  followed  by 
an  anneal  at  ~  330  °C  to  form  a  14  A  thick  layer 
of  CoSi;.  (For  reference,  called  template  I.)  Yali- 
sove  et  al.  have  used  these  template  recipes  to 
grow  CoSi,  layers  on  Si(OOl)  [8],  A  second  recipe 
involved  codeposition  of  4  A  of  Co  and  14.4  A  of 
Si  at  room  temperature,  followed  by  an  anneal  at 
-  330°C.  (For  reference,  called  template  11.) 
Growth  on  these  templates  was  done  at  tempera¬ 
tures  ranging  from  330  to  500  °C.  We  find  that 
films  grown  from  these  templates  by  codeposition 
at  ~  330  and  ~  375°C  contain  (110)  misoriented 
grains,  i.e.,  with  epitaxial  relationship  CoSi^lllO) 
//Si(OOl).  in  agreement  with  Yalisove  et  al.  [8]. 
In  addition,  we  find  that  films  codeposited  on 


T.ible  1 

Epitaxial  orientations,  resistivities,  ion  channeling  minimum  yields  (Xmin)*  other  characteristics  for  a  series  of  CoSi  2  films  grown 
at  ~  500°C  with  cfiiTcrent  Co-to-Si  codeposition  ratios;  the  Xmm  ^  were  measured  at  minimum  yield  just  behind  the  surface  peak  of 
the  Co  spectrum  (however,  the  finite  energy  resolution  of  the  detector  prevented  complete  resolution  of  the  burfacc  and  interface 
peaks  on  the  120  A  thick  film,  which  would  partially  account  for  its  higher  Xmm  value) 


C  o ;  Si 

Orientations 

Xfnin 

(%) 

P 

cm) 

Microslructure 

Film  thickness 

(A) 

1  :  I 

(001).  (221) 

8 

22 

Faceting,  pinholes 

360 

1  :  1.0 

(001).  (221) 

4 

17 

Faceting,  pinholes 

360 

1  :  1.4 

NA^' 

2 

17 

NA 

360 

1  :  1.6 

(001) 

2 

16 

Flat  interface,  no  pinholes 

360 

1  ;  1.8 

(001) 

2 

17 

Flat  interface,  no  pinholes 

360 

1  :  2.0 

(001),  (221) 

<13 

21 

Flat  interface,  no  pinholes 

120 

■*’  NA  =  not  available. 


L.J.  Schowalter  et  at.  /  Control  of  misoriented  grains  and  pinholes  in  CoSij  grown  on 


')54 

these  templates  at  higlier  temperature  ( ~  500  °  C) 
have  (221)  misoriented  grains,  which  is  not  re¬ 
ported  in  Yalisove  et  al.’s  work.  Cross-sectional 
TEM  shows  the  interface  of  template-grown  films 
to  be  flat,  in  contrast  to  the  rough  and  faceted 
interfaces  observed  on  films  grown  by  deposition 
of  Co  only  at  a  substrate  temperature  of  -  500  °C. 

Yalisove  et  al.  [8]  have  suggested,  among  other 
possibilities,  that  the  misoriented  grains  are 
nucleated  at  defects  and  impurities  on  the  starting 
Si  surface.  If  this  is  so.  then  improving  the  quality 
of  the  starting  Si  surface  may  significantly  reduce 
(1 10)-oriented  grains.  We  have  grown  silicide  films 
using  the  described  template  recipes,  after  an  ini¬ 
tial  500  A  thick  epitaxial  Si  buffer  layer  was 
deposited  on  the  Si  substrate  to  assure  a  pristine 
Si  surface.  Films  grown  using  template  11  were 
found  to  contain  misoriented  grains  even  with  the 
use  of  a  Si  buffer  layer.  However,  pure  (OOl)-ori- 
ented  films,  free  of  mi.soriented  grains  to  within 
the  detection  limits  of  the  TEM  technique,  have 
been  obtained  by  using  template  I  and  an  initial  Si 
buffer  layer.  Several  areas  in  the  film  were  ex¬ 
amined  in  the  effort  to  look  for  misoriented  grains. 
Fig.  7  is  a  TEM  micrograph  of  this  film.  The 


observed  misfit  dislocations  have  their  Burgers 
vector  in  the  (Oil)  directions  and  are  of  lower 
density  than  tho.se  of  directly  codeposited  films. 
Again,  no  extra  diffraction  spots  due  to  misori¬ 
ented  grains  was  observed.  An  ion  channeling 
Xmin  tyP'Citl  of  ideal  single  crystals  was  observed, 
with  a  very  small  interface  peak  in  the  channeling 
spectrum.  However,  the  resistivity  of  single-orien¬ 
tation  films  grown  in  this  way  ranged  from  20  to 
24  /il2  cm,  even  for  films  annealed  at  ~  500  °C. 
the  same  temperature  at  which  directly  codepo¬ 
sited  layers  of  low  resistivity  were  grown. 

Pinhole  densities  on  films  grow.,  by  both  meth¬ 
ods  were  studied  by  both  TEM  and  scanning 
electron  microscopy  (SEM).  No  pinholes  were  ob¬ 
served  by  TEM,  but  since  TEM  examines  a  rela¬ 
tively  small  area,  TEM  observations  set  an  upper 
bound  on  pinhole  density  of  ~  10^  cm  ’.  SEM 
can  be  used  to  examine  much  larger  areas  but  may 
miss  small  pinholes.  The  SEM  resolution  can  be 
improved  by  usinj.  a  CF4  plasma  etch  [10,11],  The 
CF4  plasma  selectively  etches  Si  over  CoSi;  so 
that,  even  if  pinholes  below  the  detection  limit  of 
SEM  are  present  in  the  as-grown  Si,  film,  they 
would  be  detectable  after  the  CF4  plasma  etch 


Fig.  7  Planar  view,  bright  field  TF.M  image  of  a  120  A  thick  CoSi,  film  codeposited  on  template  I  at  -  330  °C.  with  a  500  A  thick  Si 
buffer  layer.  DiskKations  and  clusters  of  point  defects  arc  visible  ( Z  »  [001].  g  »=  (220)). 
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Fig.  X.  SFM  micrographs  of  a  260  A  thick  CoSi;  film  grown  by  codepoMtion  of  Co  alone  at  -  (a)  before  CFj  plasma  etching 

and  (b)  after  CFj  plasma  etching. 


(10,11].  Li  .sing  this  technique,  no  pinholes  were 
observable  on  films  grown  by  codeposilion  at 
1:1.8  ratio,  although  they  were  observable  on 
films  grow  n  by  deposition  of  Co  only,  as  shown  in 
fig.  8.  From  prior  work  (10).  we  know  this  tech¬ 
nique  will  reveal  pinholes  that  are  10  nm  in  size  or 
larger.  We  have  never  observed  pinholes  smaller 
than  this  diameter.  The  plasma  etch  technique 
allows  us  to  .set  the  upper  bound  on  pinhole 
density  to  10  '  cm 

4.  Conclusion 

In  summary.  CoSi,  films  of  single  (001)  orien¬ 
tation  have  been  grown  both  by  direct  codeposi¬ 
tion  of  Co  and  Si  at  Co-rich  stoichiometries,  and 
by  using  the  template  method  of  growth  on  epi¬ 
taxially-grown  Si  buffer  layers.  Although  the 
mechanism  for  the  nucleation  of  misoriented 
grains  in  stoichiometrically  codeposited  films  is 
not  understood,  it  appears  this  mechanism  is  sup¬ 
pressed  by  allowing  a  small  amount  of  mass  trans¬ 
port  acro.ss  the  CoSi^/Si  interface.  However,  if 
ttxi  much  mass  transport  is  required  by  making 
the  deposited  film  too  Co-rich,  the  formation  of 
facets  along  the  CoSi,  interface  is  facilitated  which 
again  results  in  (22T)-misoriented  grains.  In  this 


ca.se.  however,  the  formation  mechanism  is  clearly 
different  from  the  stoichiometrically-deposited 
films,  since  the  misoriented  grains  are  always  asso¬ 
ciated  with  pinholes.  Single-orientation  films 
grown  by  direct  codeposition  of  Co  and  Si  have 
somewhat  lower  resistivities  than  single-orienta¬ 
tion  template-grown  films.  The  method  of  direct 
cixleposition  has  the  additional  advantage  over 
the  template  method  of  being  easier  to  use  and 
requiring  less  time.  Pinhole  densities  are  below  the 
detection  limit  of  10  ’  cm  ’  on  films  grown  by 
both  methods. 
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Characterization  and  application  of  fine-patterned  Si/CoSij/Si  double 
heterostructures  fabricated  by  self-aligned,  two-step  MBE 
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Central  Research  Laboratory,  Hitachi,  Ltd.,  P.O.  Box  2,  Kokubunji.  Tokyo  185.  Japan 


The  formation  and  characterization  of  fine-patterned  Si/CoSi>/Si  double  heterostructures  are  comprehensively  studied.  Using 
self-aligned  and  selective  MBE  growth,  a  new  sub-micron  patterning  method  of  CoSi2  films  is  develoF>ed.  In  addition,  a  high-quaiity 
double  heterostructure  is  formed  by  two-step  MBE  of  the  Si  overlayer  on  CoSij/Si.  i.e.,  low-temperature  growth  followed  by 
high-temperature  growth.  The  interfaces  between  CoSi  >  and  Si  are  atomically  abrupt  and  smooth.  Finally,  permeable  ba.se  tran.sisiors 
with  high  performance  (gm  “  50  mS/mm.  /]■  =*  4  GHz)  are  fabricated  using  these  new  techniques. 


1.  Introduction 

Double  heteroepitaxy  of  Si/silicide/Si  is  a  key 
technique  for  overcoming  Si-LSI  fabrication  limi¬ 
tations  (1}.  This  is  because  crystalline  silicide  wire 
embedded  in  a  Si  lattice  enables  the  developement 
of  sophisticated  devices  for  ultra-high-frequency 
operation  [2,3],  i.e..  permeable  base  transistors 
(PBTs)  and  metal  base  transistors.  In  addition,  it 
makes  possible  a  three-dimensional  connection  be¬ 
tween  devices,  which  is  useful  for  ultra-high-den¬ 
sity  LSIs.  However,  to  realize  such  applications, 
the  following  two  techniques  should  be  developed: 
the  fine  patterning  of  silicide  in  the  submicron 
range  and  the  formation  of  high-quality  double 
heterostructures  (Si/silicide/Si).  This  paper  de¬ 
scribes  the  authors’  recent  molecular  beam  epitaxy 
(MBE)  developments  in  relation  to  these  tech¬ 
niques  [4,5]. 

2.  Experimental 

MBE  growth  of  CoSij  and  Si  was  performed  in 
a  UHV  chamber  (2  x  10~  "  Torr).  Prior  to  growth. 
Si  (111)  substrates  were  cleaned  by  low-tempera- 
ture  thermal  etching  (800  °C,  5  min).  Then  CoSij 
films  were  grown  on  the  Si  substrates  (300-600  °  C) 
using  codeposition  of  Co  and  Si  during  which  the 
Co-to-Si  beam  ratio  was  kept  constant  (Co/Si  = 


0.50)  to  an  accuracy  of  ±1%.  Finally,  a  Si  over¬ 
layer  was  grown  on  the  CoSij  in  the  same  UHV 
chamber.  The  growth  rate  of  both  CoSi,  and  Si 
was  about  0.1  nm/s. 

The  crystallinity  of  CoSi  2  and  Si  films  was 
examined  using  reflection  high  energy  electron 
diffraction  (RHEED)  and  a  cross-sectional  trans¬ 
mission  electron  microscope  (XTEM).  Surface 
morphology  was  investigated  using  a  Nomarski 
microscope  and  a  scanning  electron  microscope 
(SEM).  In  addition,  the  electrical  property  of  the 
Si /CoSi  2/Si  heterostructure  was  evaluated  by 
measuring  the  Schottky  diode  and  the  PBT  char¬ 
acteristics. 


3.  Fine  patterning  Of  CoSi  2  films  by  self-aligned 
MBE 

The  main  idea  behind  the  fine  patterning  of 
CoSi  2  films  is  a  selective  MBE  growth  on  pat¬ 
terned  Si  substrates,  as  illustrated  in  fig.  la.  In  this 
process,  damage-free  grooves  of  the  submicron 
scale  (0.5  to  1.5  pm  lines  and  spaces  with  1.0  pm 
depth)  were  formed  on  Si  (111)  substrates  by 
photolithography  and  plasma  etching  using  SF^  + 
C2Br2F4  gas.  Then,  single-crystalline  CoSi  2  was 
grown  by  MBE. 

Measurement  of  electrical  conductance  be¬ 
tween  CoSi  2  films  on  the  top  and  the  bottom 
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CoSia 


Fig.  1.  (a)  Schematic  illustration  of  the  self-aligned  and  selec¬ 
tive  MBE  growth  of  CoSij  films  on  an  etched-groove  Si 
substrate,  (b)  Current-voltage  characteristics  between  CoSi2 
films  on  the  top  and  the  bottom  surfaces  of  the  grooves  as  a 
function  of  growth  temperature,  (c)  SEM  micrograph  after 
CoSij  MBE  growth  (450  "C)  on  the  etched  grooves  in  the 
(111)  Si  substrate.  Marker  represents  1  fim. 

surfaces  of  the  grooves  is  shown  in  fig.  lb.  Results 
indicated  that  the  films  were  electrically  connected 
after  the  low- temperature  MBE  growth  ( ^ 
300  ®C).  However,  after  high-temperature  growth 
( g  400  °  C),  the  films  were  electrically  isolated. 
This  suggested  that  the  CoSi^  films  deposited  on 
the  side  walls  ({112}  and  {110}  orientation)  of  the 
grooves  flowed  away  during  high  temperature 


growth.  In  contrast.  Nomarski  microscope  ob¬ 
servation  indicated  that  pin-hole-free  CoSij  films 
i.e.,  pin-hole  density  ^  10“  cm”^,  were  obtained 
on  the  flat  (111)  Si  surfaces.  These  phenomena  are 
attributed  to  the  fact  that  the  interface  energy  is 
greater  on  Si  {112}  and  {110}  surfaces  than  on  a 
Si  (111)  surface  [6]. 

An  SEM  image  taken  after  the  growth  of  CoSi  2 
film  (450  °C)  on  the  etched  grooves  is  shown  in 
fig.  Ic.  The  photograph  clearly  shows  the  features 
of  the  selective  growth  of  CoSij.  Thus,  submicron 
patterning  of  CoSij  films  was  established  with 
self-alignment  to  the  etched  grooves  by  choosing  a 
proper  growth  temperature  (400-500  °C). 

4.  Formation  of  a  Si/ €0812/ Si  double  hetero- 
structure  by  two-step  MBE 

To  obtain  high-quality  Si  overlayers  on  the 
CoSi2/Si  substrates,  two-step  Si-MBE  growth  was 
developed.  Here,  very  thin  Si  (2  nm)  layers  were 
grown  at  low  temperatures  ( 300-400  °C)  to  stabi¬ 
lize  the  CoSi2  surface  atoms.  Then,  on  top.  thick 
Si  (50-200  nm)  layers  were  grown  at  high  temper¬ 
atures  (500-600  °C).  Nomarski  microscope  and 
RHEED  observations  shown  in  figs.  2a  and  2b. 
respectively,  indicate  that  the  Si/CoSij/Si  struc¬ 
ture  has  good  surface  morphology  and  crystallin¬ 
ity.  In  addition  X-ray  photoelectron  spectroscope 
(XPS)  measurements  suggested  that  no  segrega¬ 
tion  of  CoSi  2  had  occurred  during  Si  MBE  growth. 
This  is  in  contrast  to  Si  overgrowth  on  NiSi2/Si 
substrates  [7],  where  segregation  does  occur. 

The  atomic  structure  of  the  hetero-interfaces 
was  observed  by  using  XTEM  and  is  shown  in  fig. 
2c.  The  lattice  image  of  the  double  heterostructure 
indicates  that  the  upper  and  lower  interfaces  be¬ 
tween  CoSi  2  and  Si  are  atomically  abrupt  and 
smooth.  Thus,  a  high-quality  Si/CoSij/Si  double 
heterostructure  was  realized  using  the  two-step 
MBE. 

5.  Fabrication  and  characterization  of  permeable 
base  transistors 

PBTs  were  fabricated  utilizing  these  newly  de¬ 
veloped  MBE  processes,  where  n-type  Si(  n  =  10'* 
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Fig.  2.  (a)  Surface  morphology  of  the  Si/CoSij/Si  double 
heterostructure  observed  by  the  Nomarski  microscope.  Markers 
represent  10  pm.  (b)  RHEED  pattern  obtained  after 
Si/CoSii/Si  double  heteroepitaxy,  (c)  Cross-sectional  lattice 
image  of  the  Si/CoSij/Si  double  heterostructure  observed  by 
TEM. 


cm“’)/n^-type  Si(fl  =  10^”  cm^’)  were  used  as 
the  substrates.  First,  an  n*-Si  source  region  was 
formed  by  ion  implantation  (50  keV,  1  x  10'* 
cm'^)  and  subsequent  annealing  (900 °C,  5  min). 
Then,  grooves  (1.0  ftm  deep  with  a  0.5  to  1.5  fim 
width  and  spacing)  were  formed  on  the  Si  sub¬ 
strates  by  dry  etching.  Next,  CoSij  electrodes  (10 


nm)  were  formed  on  the  top  and  bottom  Si  surfaces 
of  the  grooves.  Finally,  Si  overlayers  were  grown 
by  two-step  MBE.  A  cross-sectional  view  and  plan 
view  of  the  PBT  (before  Al  electrode  fabrication) 
are  shown  in  figs.  3a  and  3c,  respectively. 

The  Schottky  diode  characteristics  between  the 
source  and  gate  showed  a  reasonable  ideality  fac¬ 
tor  («-vaIue)  of  1.05  under  a  forward  bias  condi¬ 
tion.  The  current-voltage  (.I-V)  characteristics 
exhibited  triode  like  features  as  shown  in  fig.  3b. 


0.5  - 1 .0  |im 


Source-Drain  Voltage  (V) 


(C) 


0  L  A  ■  1  .  ^ .  .1  .  ......  .1 

10  100  1000 
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Fig.  3.  (a)  Cross-sectional  view  of  PBT.  (b)  Typical  current- 
voltage  characteristics  of  PBT.  (c)  Typical  high-frequency  char¬ 
acteristics  of  PBT.  The  plan  view  of  PBT  is  also  shown. 
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The  highest  transconductance  (g„)  was  50 
mS/mm,  which  is  about  10  times  higher  than  that 
of  previously  reported  Si  PBTs  [8,9]  using  a  buried 
electrode.  High-frequency  characteristics  shown  in 
fig.  3c  indicated  that  the  highest  unity  gain 
frequency  (/x)  was  4.0  GHz.  The  value  and 
the  /-  V  characteristics  agree  well  with  the  results 
of  computer  simulation.  In  addition,  the  fj  value 
is  satisfactory,  considering  the  existence  of  para¬ 
sitic  capacitance  from  the  large  pad  region  (40  X  20 
/im").  Still,  significant  improvement  in  fj  (70-l{K) 
GHz)  is  possible  by  reducing  the  area  of  the  pad 
region  (5x5  /xm^)  and  by  using  a  deep  submicron 
patterned  gate  (<  0.1  /xm). 


6.  Conclusion 

The  authors  have  achieved  a  selective  CoSi2- 
MBE  growth  in  a  self-aligned  fashion  and  a  two- 
step  Si-MBE.  These  processes  make  possible  the 
formation  of  submicron-pattemed  Si/CoSij/Si 
double  heterostructure  without  removal  from  the 
ultra-high  vacuum  chamber.  This  eliminates  the 
introduction  of  any  defects  or  contaminants  dur¬ 
ing  device  fabrication  processes.  Results  of  high- 
performance  PBTs  (gm  =  50mS/mm,  =  4GHz) 
indicate  that  the  newly  developed  MBE  tech¬ 
niques  are  powerful  tools  for  developing  future, 
deep-submicron  devices. 
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The  electric  activation  efficiencies  for  an  a-Si/B-v^  x/3/Si(lll)  system  were  measured  hv  Hall  measurement.  The  result 
strongly  suggests  that  almost  all  boron  atoms  are  activated  at  the  a-Si/Si(lll)  interface  because  of  /.I  x  structure  formation.  A 
v3  X  /3  -B  structure  was  also  found  to  be  formed  on  a  5  x  5  Ge,Si, .  , /Si<l  1 1 )  surface  on  which  Ga  or  SN  atoms  did  not  form  any 
superstructures.  A  Si  epitaxial  overlayer  can  be  grown  on  the  xy'j -B/50  A  Gei,4Si||j,/Si(l  1 1 )  structure  at  a  grow  th  temperature 
of  300  "C.  preserving  a  large  fraction  of  the  x  /J -B  structure  due  to  strain  compensation. 


1.  introduction 

When  group  III  metal  atoms  such  as  Al,  Ga.  or 
In  are  deposited  onto  a  clean  Si(  1 1 1 )  7  x  7  surface, 
various  superstructures  appear  [1-3].  It  has  been 
known  that  they  show  quite  similar  behavior  on  a 
Si(lll)  surface.  However,  few  studies  have  been 
reported  for  B/Si(lll)  systems  because  the  low 
vapor  pressure  of  B  makes  it  difficult  to  deposit  B 
with  good  controllability.  We  have  previously  re- 
por'ed  that  HBO^  has  a  high  vapor  pressure  and 
is  applicable  for  controlled  B  doping  in  Si-MBE 

[4] ,  Using  this  B  source,  we  have  found  that  it  also 
forms  a  X /3  structure  on  a  Si(lll)  surface 

[5] ,  Recent  studies  have  revealed  that  this  B-y^ 


X  /3  structure  was  different  from  the  x  /3 
structures  formed  by  other  group  III  elements. 
Akimoto  el  al.  have  reported  that  B-y/3  Xv/3 
structures  can  be  preserved  on  Si(lll)  after  subse¬ 
quent  Si  deposition  [6].  Headrick  et  al.  have  re¬ 
ported  that  B  occupies  the  S5  subsurface  site  rather 
than  the  X*  adatom  site  [7],  The  po.ssibility  of 
preserving  a  two-dimensional  structure  at  a  buried 
interface  raises  possibilities  for  new  materials 
which  have,  for  example,  high  mobility  at  very  low 
temperatures,  where  ion  scattering  is  dominant. 

In  this  paper,  we  report  the  electric  activation 
efficiencies  for  a-Si/B-/3  xy^/Si(lll)  and  Si 
epitaxial  growth  on  a  B-v^  X  /J /Ge,Si,  . ,  struc¬ 
ture. 
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2.  Experimental 

Boron-containing  interface  structures  were 
formed  on  100  mm  diameter  n-type  (111)  and 
(100)  Czochralski  silicon  wafers  with  10-20  Q  cm 
resistivity.  Wafers  were  precleaned  using  a  chem¬ 
ical  solution  (NH4OH :  H2O2 :  H2O  =1:6;  20)  to 
form  a  thin  protective  oxide  layer.  The  wafers 
were  then  loaded  into  MBE  equipment  (ANELVA 
MBE-430)  in  which  the  base  pressure  was  1.2  X 
10''"  Torr.  A  thin  amorphous  silicon  layer  (10  A) 
was  then  formed  on  the  oxide  layer.  The  wafer 
was  preheated  at  780  °C  to  evaporate  the  oxide 
layer.  This  cleaning  technique  has  previously  been 
reported  elsewhere  [8].  Boron  was  deposited  in  the 
form  of  HBO,,  an  accurately  controllable  doping 
source  for  Si-MBE  [4],  using  a  Knudsen  cell.  The 
boron  deposition  rate  was  2.9  X  10'*  atoms  cm** 
s  which  value  was  determined  from  the  doping 
concentration  of  Si-MBE  growth  layers  by  Hall 
measurement  and  secondary  ion  mass  spectrome¬ 
try  (SIMS).  An  a-Si  layer  was  then  deposited  on 
this  boron-deposited  surface  at  room  temperature. 

The  a-Si  layer  thickness  was  100  A.  A1  electrodes 
were  evaporated  onto  the  a-Si  layer  after  the  sam¬ 
ple  was  taken  out  from  the  MBE  chamber.  The 
sheet  carrier  concentration  was  determined  by  Hall 
measurement  using  the  Van  der  Pauw  technique. 


3.  Results  and  discussion 

Fig.  1  shows,  for  a-Si/B/c-Si  structures,  the 
sheet  carrier  concentration  dependence  on  the 
substrate  temperature  at  which  HBO2  was  de¬ 
posited.  Also  indicated  here  are  the  AES  peak 
height  for  oxygen  and  the  RHEED  pattern,  both 
of  which  were  observed  just  after  HBO2  deposi¬ 
tion.  Oxygen  was  detected  when  the  substrate 
temperature  was  below  700  °C.  as  previously  re¬ 
ported  [4].  The  surface  structure  did  not  change 
and  the  RHEED  patterns  of  Si(lll)  and  Si(lOO) 
remained  7x7  and  2x1,  respectively.  When 
HBO2  was  deposited  at  temperature  above  700  °C, 
oxygen  was  not  detected,  and  the  RHEED  pattern 
of  Si(lll)  changed  from  7  xl  to/J  x  v^.  On  the 
other  hand,  on  Si(lOO)  the  RHEED  pattern  re¬ 
mained  2x1  even  at  temperatures  above  700  °C. 


0/1  5 X 5  Ge^ Si/  .  ^/Si( III)  surface 


650  700  750 

Substrate  Temperature  (°C) 


Fig.  1.  Sheet  carrier  concentration  dependence  on  the  substrate 
temperature  at  which  HBOi  was  deposited,  for  SUlll)  (a)  and 
Si(lOO)  (■).  Also  indicated  here  are  the  AES  peak  height  for 
oxygen  and  the  RHEED  pattern,  both  of  which  were  observed 
just  after  HBO2  deposition. 

While  the  sheet  carrier  density  for  (100)  stayed 
essentially  the  same  when  temperatures  were  in¬ 
creased  to  over  700 °C.  that  for  (111)  increased 
drastically,  from  the  level  equivalent  to  the  density 
for  (1(X))  to  the  level  approximately  six  times 
larger.  Fig.  2  shows  the  sheet  carrier  concentration 
dependence  on  annealing  temperature.  The  an¬ 
nealing  time  at  each  temperature  was  10  min. 
While  the  carrier  concentration  for  Si(l  1 1 )  did  not 
change  with  temperature,  that  for  Si(lOO)  began  to 
increase  at  200 °C  and  reached  the  level  of  Si(lll) 
at  approximately  400  °C.  Robinson  and  co¬ 
workers  have  reported  that  an  a-Si  overlayer  on  a 
clean  Si  overlayer  on  a  clean  Si  surface  started  to 


0  200  400  600 

AnneaNng  'femperature  (-C) 


Fig.  2.  Sheet  carrier  concentration  dependence  of  a-Si/B/c-Si 
on  annealing  temperature  in  N,  atmosphere.  Annealing  time  at 
each  temperature  was  10  min. 
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recrystallize  at  about  200  °C  [7].  For  (100),  then,  B 
may  be  considered  to  have  been  activated  because 
of  such  an  a-Si  overlayer-recrystallization  occur¬ 
ring  in  the  annealing  process.  The  difference  in 
activation  efficiency  between  (100)  and  (111) 
strongly  suggests  that  B  is  activated  at  the  a-Si/ 
Si(lll)  interface  because  of  the  x  /3  structure 
formation. 

On  Si(lll)  at  substrate  temperatures  above 
700  °  C.  oxygen  atoms  are  desorbed  and  B  forms  a 
X  /i  structure.  The  sheet  carrier  density  is 
sufficient  because  B  atoms  replace  B5-site  Si  atoms 
and  are  activated.  In  the  case  of  Si(lOO),  B  atoms 
are  considered  to  exist  at  the  adatom  sites.  B  atom 
sites  on  the  surface  are  not  unique  compared  with 
the  B^  site  on  Si(lll)  where  B  atoms  occupy  the 
exact  lattice  sites.  Thus.  B  atoms  are  not  activated 
on  Si(lOO)  with  a-Si  overlayer  fabrication. 

The  hole  mobility  was  5-30  cm’/V  •  s  at  room 
temperature  and  there  was  little  difference  be¬ 
tween  Si(lll)  and  Si(lOO).  At  77  K.  sheet  carrier 
density  decreased  by  about  two  orders.  This  was 
probably  because  the  holes  move  from  the  inter¬ 
face  into  the  a-Si  overlayer  and  were  trapped  at  a 
deep  level  in  the  a-Si.  Thus,  to  obtain  the  electrical 
conduction  at  the  two-dimensional  /S  X}/2  inter¬ 
face.  it  is  necessary  to  contain  holes  within  the 
v'3^  X  /3  plane.  Then,  we  tried  the  substantial 
preservation  of  the  ^3  X  ^3  -B  structure  beneath 
an  epitaxial  Si  cap.  This  was  achieved  by  the 
deposition  of  B  on  a  Ge.Si,  ,  substrate.  The 
/3  X  /3  -B  structure  was  also  formed  on  a  5  x  5 
Ge,Si,  ,  surface.  In  the  Si//3  x  -B/Ge,Si,  , 
structure,  the  hetero-interface  coincides  with  the 
/3  X  /J  two-dimensional  plane.  Thus,  holes  can 
be  contained  within  the  73  x  r/3  plane  by  the 
band  bending  formed  at  the  hetero-interface. 

Fig.  3  shows  the  dependence  of  the  critical  B 
coverage  0^  on  the  Ge  concentration  x  in  the 
substrate  layer.  At  this  coverage  the  7x7  pattern 
disappears  and  only  the  73  X  73  pattern  is  visi¬ 
ble.  0^  is  0.1  monolayer  (ML)  (1  ML  =  7.8  X  lO'"* 
cm  ’)  when  B  atoms  are  deposited  on  the  7x7 
Si(l]l)  clean  surface. 

0j^  increases  linearly  with  increasing  Ge  con¬ 
centration  X  in  the  substrate  layer  until  x  =  0.6, 
and  saturates  at  0.3  ML.  As  Ge  atoms  are  about 
4%  larger  than  Si  atoms,  compressive  strain  is 


Fig.  3.  Dependence  on  the  .tubslrate  Cie  concentration  a  of  the 
critical  B  coverage,  at  which  the  7x7  pattern  disappears  and 
only  the  i/3  X  i/3  pattern  is  visible.  (1  ML  =  7.8  X  10''*  cm  ’ ). 

produced  in  the  Ge,Si,  ,  alloy  surface.  The  in¬ 
creased  0f^  on  the  Ge,Si|_,  surface  suggests  that 
the  compre.ssive  strain  produced  by  the  presence 
of  Ge  compensates  for  the  tensile  strain  produced 
by  73  X  73 -B  formation.  Stress  compensation  in 
epitaxial  Si  films  by  simultaneous  doping  of  a 
counterbalancing  atom  has  been  reported  by- 
several  authors  [9.10].  In  the  ca.se  of  B  and  Ge.  it 
has  been  reported  that  lattice  defects  in  heavily  B 
doped  layers  were  reduced  because  the  stress  in 
the  heavily  doped  layer  was  compensated  by  the 
presence  of  Ge  [11].  The  .same  mechani,sm  may 
also  be  operating  in  the  73  x  73 -B  case. 

If  the  interface  strain  produced  by  B  obstructs 
the  burial  of  the  73  X  73  structure  at  the  inter¬ 
face  between  epitaxial  layer  and  substrate,  the 
73  X  73  structure  on  the  Ge.Si,  ,  layer,  with  less 
strain  than  that  on  Si(lll),  should  be  better  pre¬ 
served  at  the  interface.  Fig.  4  shows  diffraction 
profiles  from  samples  of  100  A  epitaxial  Si/ 73 
X  73-B/50  A  Ge„4Siof,/Si(lll)  and  100  A  epi¬ 
taxial  Si/ 73  X  73 -B/Si(lll)  structures.  Diffrac¬ 
tion  peaks  were  observed  at  the  (-2/3,  4/3) 
fractional  reciprocal  lattice  points.  The  amount  of 
B  coverage  in  each  case  was  0.3  ML,  and  an 
epitaxial  overlayer  was  grown  at  300  °C.  The 
RHEED  pattern  of  each  sample  was  7x7,  .some¬ 
what  streaky  and  diffu.se.  The  intensity  of  the 
diffraction  peak  of  73  x  73-B  on  Si(lll)  after 
epitaxial  overlayer  growth  at  300  °C.  We  consid¬ 
ered  that  the  73  X  73  structure  between  the  Si 
epitaxial  overlayer  and  Si(lll)  is  destroyed  be- 
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Fig.  4.  Diffraction  profiles  from  samples  of  100  A  epitaxial 
Si/v'y  xv'J-B/SO  A  GeujSiot/Sidll)  and  100  A  epitaxial 
Si,'v'3  X  V-l -B/Si(lll)  .structures.  Diffraction  peaks  were  ob¬ 
served  at  th  ( -  2/3.  4/3)  fractional  reciprocal  lattice  points. 
The  amount  of  B  coverage  in  each  case  was  0.3  ML.  and  an 
epitaxial  overlayer  was  grown  at  300  °C. 


cause  of  the  large  strain  produced  by  B  which 
replaces  Si, 


4.  Conclusion 

The  electric  activation  efficiencies  for  a-Si/B- 
vT  XvT/Si(in)  and  a-Si/B/ Si(lOO)  systems 
were  measured,  before  and  after  annealing,  by 
Hall  measurement.  The  difference  in  the  activa¬ 
tion  efficiencies  between  SiflOO)  and  Si(lll) 
strongly  suggests  that  boron  atoms  are  activated 
at  the  a-Si/Si(lll)  interface  because  of  ^3  X  \/3 
structure  formation.  We  found  that  the  B-/J  X  \/3 
structure  was  also  formed  on  a  5x5  Ge,Si,  , 


surface.  A  Si  epitaxial  overlayer  can  be  grown  on 
the  X  ^3-8/50  A  Geo4Sio6/Si(in)  structure 
at  a  growth  temperature  of  300  °C,  preserving  a 
large  fraction  of  the  /3.  X  V^-B  structure  due  to 
strain  compensation. 
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by  molecular  beam  epitaxy 
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rhin  film  synthesis  of  the  high  temperature  superconductors  in  YjBa^Cu^O?  perovskite  has  been  successfully  carried  out  by 
the  advanced  molecular  beam  epitaxy  technique.  The  development  of  an  efficient  activated  oxygen  source  led  to  in-situ  growth  of 
high  quality  films  of  Y|Ba2Cu  307_  ^  and  DyiBa^Cu  ,07  _ ,  without  high  temperature  annealing.  Excellent  superconducting  properties 
have  been  achieved:  the  7[.,  normal  state  resistivity  p,  and  critical  current  density  equal  to  the  best  records  reported  to  date  for 
Y,Ba  >Cu  3O7  _  ^  films.  This  pa|>er  reviews  in-situ  MBE  growth,  structural  and  superconducting  characteristics  of  the  films.  The  results 
of  tunneling  in  planar  junctions  of  YiBa2Cu307.  , /native  barrier/Pb  are  also  presented  in  the  context  of  quasiparticle  tunneling 
and  Josephson  behavior. 


1.  Introduction 

Recent  discovery  of  high  temperature  super¬ 
conductivity  in  the  layered  perovskite  oxides  has 
generated  much  interest  in  synthesizing  high  7^. 
superconducting  films  for  both  fundafnental  and 
device  research.  Many  experimental  studies  sug¬ 
gest  that  the  occurrence  of  superconductivity  is 
directly  connected  with  its  layered,  intergrowih 
structure.  The  molecular  beam  epitaxy  (MBE) 
technique  is  best  known  for  its  capabilities  of  low 
temperature  and  layer-by-layer  growth,  as  has  been 
demonstrated  successfully  for  semiconductor 
materials.  It  is  therefore  anticipated  that  the  MBE 
method  is  ideally  suited  for  the  thin  film  synthesis 
of  high  7^.  oxide  superconductors.  Furthermore,  it 
provides  opportunities  of  fabricating  artificial 
oxide  heterostructures  or  metastable  phases 
tailored  on  atomic  scale.  Studies  of  these  syn¬ 
thetic.  layered  oxides  may  shed  light  on  the  theo¬ 
retical  mechanism  responsible  for  high  super¬ 
conductivity,  which,  in  turn,  offer  promise  of  pro¬ 
ducing  even  higher  7^  materials. 

The  paper  reviews  our  recent  successful  appli¬ 
cation  of  the  molecular  beam  epitaxy  method  to 
produce  high  Y,Ba2Cu,07_^,  and  Dy,Ba2Cu3 
O7  ,  thin  films  on  a  number  of  substrates  includ¬ 


ing  MgO.  SrTi03.  and  LaAlO,.  The  growth  tech¬ 
niques  are  described,  along  with  the  design  and 
operation  of  an  activated  oxygen  source.  Based  on 
in-situ  observations  by  RHEED.  a  model  is  pro¬ 
posed  for  the  growth  mode  of  the  perovskites. 
Typical  superconducting  properties  are  the  follow¬ 
ing:  r,(R  =  0)  =  92  K.  4r,,(inductive)  =  0.4  K. 
p(l(X)  K)  =  55  nQ  cm,  and  7,(77  K)  =  4.5  X  lO'’ 
A/cm’.  Furthermore,  tunneling  studies  on  thin 
film  junctions  consisting  of  Y,Ba2Cu  307_ , /native 
barrier/Pb  indicated  that  the  in-situ  film  surface 
exhibits  quasiparticle  tunneling  characteristics 
similar  to  etched  bulk  single  crystal.  Josephson 
behavior  was  observed  for  the  first  time  in  this 
type  of  planar  junctions. 


2.  MBE  growth  aided  with  an  activated  oxygen 
.source 

Two  basic  requirements  are  demanded  for  the 
MBE  growth  of  high  7^  perovskites;  namely,  pre¬ 
cise  compositional  control,  and  an  efficient 
activated  oxygen  source  for  oxidation  [1-3].  In 
ordinary  MBE  growth  process,  the  first  require¬ 
ment  is  met  with  relative  ease.  However,  for  our 
present  research  it  remains  as  a  challenging  task 
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due  to  a  large  chemical  unit  cell  containing  multi¬ 
ple  cation  species.  Discussions  on  this  subject  will 
be  given  later  in  the  section. 

The  necessity  of  activated  oxygen  species  fol¬ 
lows  from  the  oxidation  characteristics  intrinsic  of 
the  YiBaiCujO,.^  compound.  The  thermody¬ 
namic  phase  diagram  of  oxygen  partial  pressure 
versus  temperature  determined  for  Y,Ba2Cu307_  ^ 
indicates  that  for  a  given  oxidation  state  there 
exists  at  a  given  temperature  a  minimal  oxygen 
partial  pressure  below  which  that  phase  becomes 
unstable  [1,2].  For  instance,  at  a  growth  tempera¬ 
ture  of  650  °C,  the  minimal  oxygen  pressure  of 
forming  YiBajCu  jO^  is  6.0x10'^  Torr.  How 
ever,  the  molecular  flow  regime  generic  to  MBE 
requires  that  the  mean  free  path  be  greater  than 
typical  source  to  substrate  distance  ( —  20-40  cm), 
and  such  condition  implies  an  operating  pressure 
less  than  1  X  lO''*  Torr.  The  abundance  of 
activated  oxygen  species  enables  oxidations  of  the 
cation  elements  at  an  oxygen  partial  pressure  of 
several  orders  lower,  while  still  sustaining  the  long 
free  path  necessary  for  MBE. 

The  in-situ  growth  of  oxides  in  our  work  was 
achieved  by  reacting  metal  flux  with  neutral 
oxygen  radicals  (primarily  atomic  oxygen  and  ex¬ 
cited  molecular  oxygen)  at  the  substrates  held  at 
an  elevated  temperature  [3-6].  The  design  of  our 
activated  oxygen  source  is  based  on  the  concept  of 
a  down-stream  plasma  excited  by  microwave  dis¬ 
charges  contained  in  a  fast  flow  reactor.  Due  to  a 
distance  20  inch  long  between  the  discharge  and 
the  substrates,  it  is  essential  to  achieve  a  high  flow 
rate  exceeding  10  SCCM  to  minimize  wall  recom¬ 
binations.  The  initial  design  using  a  simple  straight 
tubing  with  a  small  hole  near  the  end  experienced 
a  loss  of  activated  species  by  as  much  as  60%  in 
the  flow  path  due  to  a  low  flow  rate  [3.4].  The 
latest  design  shown  in  fig.  1  has  succeeded  to 
retain  the  activated  oxygens  by  as  high  as  87%  of 
those  initially  produced  near  the  discharge  [5.6]. 
Furthermore,  the  usage  of  a  quartz  ring  containing 
multiple  holes  allows  uniform  depositions  over  a 
1.0  inch  diameter  area.  The  pressure  near  the 
discharge  is  ~2xl0“'  Torr,  and  the  oxygen 
pressure  near  the  substrates  is  low  10“^  Torr.  The 
overall  chamber  pressure  during  growth  is  main¬ 
tained  at  low  10”’  Torr.  The  activated  oxygen 


Fig.  1.  The  design  of  an  activated  oxygen  source  using  a  fast 
flow  tube  reactor,  and  the  internal  system  configuration. 


flux  near  the  substrates  is  estimated  to  be  about 
2  X  10’*  species/s  •  cm“. 

Metal  cations  are  evaporated  from  individual 
thermal  sources  using  a  combination  of  effusion 
cells  and  e-beam  evaporators.  The  coevaporation 
method  is  used,  and  no  shuttered  growth  is  em¬ 
ployed  thus  far.  The  alkaline  earths  like  Ba  are 
evaporated  from  effusion  cells  at  -  6(X)  °  C.  The 
flux  detection  and  control  of  e-beam  evaporation 
are  made  by  Inficon  Sentinel  monitors  based  on 
electron  impact  emission  spectroscopy.  While  this 
method  proved  to  be  very  successful  for  pure 
metal  depositions  [7],  the  interference  of  the  metal 
cation  signal  (especially  for  Y)  with  a  large  oxygen 
signal  from  the  background  pressure  makes  the 
rate  control  of  Y  quite  difficult.  The  deposition  of 
Cu  is  less  affected  because  its  light  emission  oc¬ 
curs  at  a  different  wavelength.  An  alternative  solu¬ 
tion  is  to  use  effusion  cells  to  evaporate  the  rare 
earths  as  well  as  Cu.  Recently,  Dy,Ba2Cu507_ . 
thin  films  were  produced  by  evaporating  Dy  from 
an  effusion  cell  held  at  -  1150°C  [8].  The  Dy 
flux  was  kept  constant  within  1%  by  regulating  the 
cell  temperature,  and  varied  very  little  with  the  O; 
pressure.  The  precise  compositional  control  is  nec¬ 
essary  for  producing  a  highly  ordered  supercon¬ 
ducting  structure  free  of  impurity  phases. 

A  number  of  provisions  were  also  made  in  the 
construction  of  the  sample  manipulator  to  be 
compatible  with  a  highly  oxidizing  environment. 
Refractory  materials  like  molybdenum  and  tanta¬ 
lum  were  avoided  because  they  are  subject  to 
oxidation  easily,  and  their  oxides  are  highly  vola¬ 
tile  at  650  “C.  The  substrate  block  material  is  now 
replaced  by  nickel  due  to  its  less  volatile  oxide 
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than  Mo,  and  a  better  thermal  conductor  than 
other  oxidation  resistant  materials  like  stainless 
steel  [9].  The  heater  is  made  of  0.020  inch  rhenium 
wire  wound  into  a  flower  pattern.  The  substrate 
temperature  is  measured  by  an  infrared  pyrome¬ 
ter.  Consistent  readings  between  the  pyrometer 
and  the  thermal-couple  methods  have  been  ob¬ 
tained  once  the  Ni  block  surface  became  oxidized 
after  multiple  depositions. 

Good  thermal  contact  between  the  substrates 
and  the  sample  block  is  crucial  for  growing  the 
perovskites  due  to  poor  thermal  conductivity  of 
the  substrate  materials.  Presently  Ag  pastes  are 
used  to  provide  the  thermal  contact.  The  substrate 
temperature  at  which  the  best  films  were  produced 
occurred  in  a  range  of  650-700 °C.  Following  the 
deposition,  the  films  were  cooled  to  200  °C  in  an 
oxygen  pressure  4  times  higher  than  during  growth, 
while  keeping  the  plasma  running  continuously. 


3.  Structural  properties 

Reflection  high  energy  electron  diffraction 
(RHEED)  was  used  during  growth  to  optimize  the 
deposition  conditions  [3].  Sharp  streaky  pattern 
accompanied  with  Kikuchi  arcs  were  generally 
seen.  Typical  diffraction  patterns  along  azimuthal 
[100]  and  [110]  axes  are  shown  in  figs.  2a  and  2b. 
This  observation,  in  general,  implies  that  the 
growth  takes  place  in  a  layer  by  layer  mode. 


producing  a  highly  ordered,  n.omically  smooth 
film  surface.  Furthermore,  the  alignments  of  the 
in-plane  axes  of  Y,Ba2Cu  ,07  .,  films  with  those 
of  the  underlying  substrates  of  MgO(lOO)  and 
SrTiOj(lOO)  are  evidence  for  epitaxial  growth. 

The  overall  crystal  structure  was  examined  by 
X-ray  diffraction  [3],  Under  present  deposition 
conditions,  growth  on  epitaxial  substrates  of  (100) 
orientation  including  MgO,  SrTiO,,  and  LaAlO, 
produces  c-axis  oriented  Y,Ba2Cu,07_  ,  films. 
There  is  little  evidence  for  a-axis  oriented  grains. 
Typical  rocking  curve  of  the  (005)  Bragg  reflection 
is  less  than  0.3°. 

The  detailed  growth  mechanism  of  the  oxides 
still  remains  an  interesting  subject  of  study.  Re¬ 
cently,  strong  oscillations  of  the  specular  RHEED 
intensity  during  growth  of  several  perovskites  in¬ 
cluding  Y,Ba2Cu  ,07_  ,  were  observed  by  Terashi- 
ma  et  al  using  the  reactive  evaporation  method 
[lOj.  Furthermore,  one  period  of  oscillation  corre¬ 
sponds  to  the  height  of  one  minimal  unit  cell 
which  satisfies  charge  neutrality.  The  result  is 
shown  in  fig.  3.  In  contrast  to  the  layer-by-layer 
growth  mode  commonly  known  for  metals  or 
semiconductors,  the  growth  of  the  perovskites  is 
described  by  the  unit-by-unit  fashion.  Presumably, 
it  is  related  to  the  strong  character  of  the  ionic 
bond  of  oxides.  This  observation  has  an  important 
implication  that  the  oxide  growth  occurs  by  the 
formation  of  a  2D  nuclei  which  is  the  minimum 
unit  satisfying  electrical  neutrality.  Moreover,  it 
also  suggests  that  within  each  growth  unit  the 


Fig.  2.  RHEED  patterns  along  azimuthal  (a)  [100]  and  (b)[U0|  axes  of  a  YiBajCu^OT  ,  film  1000  A  thick  grown  on  MgO(100). 
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Fig.  3.  (a)  RHEED  specular  intensity  as  a  function  of  the  deposition  time  and  (b)  a  proposed  model  for  the  YiBaiCu^Oi  ,  film 

growth,  after  Terashima  et  al.  |10J. 


Stacking  sequence  starts  and  ends  with  specific 
cation-oxide  layers. 

4.  Superconducting  properties 

MBE  grown  YiBasCu  ,0,^  ,and  DyjBajCuj 
0-1  ,  films  showed  excellent  superconducting 


properties  including  T^(  R  =  0),  jf,,  and  normal 
state  resitivity  p.  Depositions  on  a  variety  of  sub¬ 
strates  including  MgOfiOO),  SrTiO,(100),  and 
LaA10,(100)  have  produced  comparably  good  re¬ 
sults,  although  the  best  superconducting  transport 
properties  were  usually  found  for  SrTiOj(lOO)  of 
closest  lattice  match  ( -  1 .0%)  with  Y,Ba  ,€0  ,07  _ , 
(8].  In  comparison,  the  very  large  lattice  mismatch 
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Fig.  4.  Resistivity  versus  temperature  for  DyiBa^CuiO,  , 
films  1000  A  thick  grown  on  (a)  SrTiO,(100).  (h)  LaAlO,(100). 
and  (c)  MgOflOO).  The  superconducting  transitions  in  details 
are  plotted  in  the  inset. 

(-9%)  between  YjBaiCuiO,.^  and  MgO  con¬ 
duces  to  a  lower  7^,  onset  by  -  2  K.  and  a  higher 
p(100  K)  by  -  10%. 

The  temperature  dependence  of  the  normal  state 
resistivity  for  typical  DyiBa^Cu  ,0,  _ ,  films  1000 
A  thick  is  shown  in  fig.  4  for  three  different 
substrates.  Tlie  p  versus  T  curves  show  a  linear 
temperature  dependence  above  a  common  fea¬ 
ture  for  current  conductions  along  the  Cu-Ox 
planes  in  the  cuprates.  The  ratios  of  p(300 
K)/p(100  K)  in  all  three  cases  are  3.0,  and  the  p 
versus  T  curves  extrapolate  to  zero  resistivity  at 
r  =  0.  The  detailed  superconducting  transition  is 
plotted  in  the  inset  for  each  substrate.  Notable 
difference  in  the  shape  of  the  transition  was  ob¬ 
served.  Specifically,  the  T^{R  =  0)  is  92.3,  91,  and 
90.5  K  for  films  grown  on  SrTi03,  LaA103,  and 
MgO.  respectively.  The  10%-90%  transition  widths 
are  -  1.2  K  for  SrTi03,  and  LaA103,  and  is  only 
0.5  K  for  MgO.  The  value  of  normal  state  resistiv¬ 
ity  p(  100  K)  has  been  commonly  used  in  the  high 
7^.  field  as  a  figure  of  merit  to  assess  the  materials 
quality.  Note  that  p(100  K)  of  the  film  grown  on 
SrTi03  is  as  low  as  55  ftfi  cm,  which  equals  to  the 
best  value  reported  for  bulk  single  crystals  at 
present. 


Screening  measurements  on  Dy3Ba3Cu307  , 
films  showed  a  sharp  superconducting  transitions 
at  90  K,  and  a  width  less  than  0.4  K  [11].  The 
penetration  depth  derived  from  the  screening  mea¬ 
surement  followed  a  temperature  dependence  of  a 
mean  field  BCS  behavior  with  a  7;.  of  90  K.  It  was 
also  concluded  that  such  behavior  is  true  only  for 
good  film  qualities  in  the  absence  of  cracks  or 
inhomogeneities  [11].  The  critical  current  densi¬ 
ties,  J^.  at  77  K  in  zero  field  were  measured  by  the 
transport  method.  The  typical  values  are  4.5  X  10*’ 
and  2.0  X  10'’  A/cm'  for  SrTiOjflOO)  and 
MgOflOO),  respectively.  Our  results  equal  to  the 
highest  record  reported  by  other  groups  using 
different  growth  techniques  including  reactive 
evaporation,  pulsed  laser  deposition,  and  inverted 
cylindrical  magnetron  sputtering  [12-14]. 

Thinner  films  generally  show  slightly  poorer 
superconducting  transport  properties  due  to  the 
lattice  clamping  effect  and  an  increasing  tendency 
of  forming  a  tetragonal  structure  near  the  inter¬ 
face.  For  instance,  reducing  the  film  thickness  to 
500  A  has  led  to  an  increase  in  the  resitivity  by 
about  10%.  The  T^(R  =  0)  decreases  to  90.6  and 
88.5  K.  for  films  grown  on  SrTiO,  and  MgO. 
respectively.  Continuing  reduction  of  the  film 
thickness  to  below  100  A  gives  rise  to  substantially 
broadened  transitions,  especially  for  films  grown 
on  MgO.  For  a  90  A  Y,Ba2Cu307.^  film  on 
MgO,  the  zero  resistivity  is  not  reached  until  70  K 
[6], 

5.  Tunneling  studies  of  planar  junctions 

The  high  7^,  peiovskites  exhibit  dramatic  varia¬ 
tions  in  conductivities  with  ntinor  variations  in  the 
cation  compos  tions  and  oxygen  stoichiometry. 
This  unusual  property  has  offered  new  exciting 
possibilities  of  labricating  novel  electronic  devices 
in  configurations  of  S/I/S  or  S/N/S  oxide  het¬ 
erostructures.  In  comparison,  such  freedom  in 
materials  choices  for  devices  was  not  available  for 
traditional  Josephson  technology  using  low  T^.  Nb 
based  superconductors.  However,  the  progress  to¬ 
ward  fabricating  all  high  7^  tunneling  devices  has 
been  hampered  due  to  the  following  difficulties. 
First,  the  coherence  lengths  of  the  high  7^,  super- 
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Fig.  3.  Qua.sjpartlcle  tunneling  data  of  dynamic  resistance 
versus  bias  for  a  V’lBaiCuiO,  ,  film/native  barrier/Pb  junc¬ 
tion  at  different  temperatures. 

conductors  are  very  short  and  highly  anisotropic. 
Secondly,  the  surface  does  not  exhibit  supercon¬ 
ductivity  consistent  with  the  bulk  of  materials. 

In  order  to  better  characterize  the  S/I  inter¬ 


faces  and  to  obtain  meaningful  tunneling  results, 
in  the  first  phase  of  study  we  focused  the  efforts 
on  a  simpler  junction  configuration  consisting  of  a 
Y,Ba2Cu307^,  thin  film,  native  barrier,  and  a  low 
7^.  superconductor,  Pb  [15].  Low  leakage  tunnel 
barriers  were  formed  by  native  insulating  oxides 
of  the  in-situ  grown  YjBa^Cu  jO^^^  film  surface 
exposed  to  room  air  or  annealed  at  450  °C  for  10 
min  in  Oj.  At  the  moment,  the  exact  nature  of  the 
barrier  is  not  clear,  and  still  awaits  further  surface 
chemical  analysis.  However,  empirically,  the  junc¬ 
tion  resistance  appears  to  correlate  with  the  film 
resistivity,  and  varies  from  a  few  12  to  a  few 
hundred  12.  Typical  junction  area  in  the  planar 
geometry  is  0.3  mm  X  0.5  mm. 

The  low  leakage  junctions  formed  with  the  na¬ 
tive  barriers  warrant  that  the  current  conduction 
across  the  junction  is  caused  primarily  by  the 
tunneling  process.  Reproducible  current-voltage 
characteristics  were  observed,  and  are  discussed  in 
the  following.  As  for  the  quasiparticle  tunneling 
characteristics,  below  the  T^(R  =  0)  of  Y,Ba2Cu  j 
07_  ,,  a  gap-like  structure  -  20  mV  developed  in 
the  tunneling  conductance,  with  additional  asym¬ 
metric  modulations  up  to  50  mV.  There  is  another 
feature  of  at  ±4  mV  appearing  below  28  K.  The 
data  of  dynamic  resistance  versus  bias  are  shown 
in  fig.  5.  and  are  in  good  agreement  with  the 
etched  bulk  single  crystal  data  [16]. 

In  contrast  to  the  BCS  tunneling  density  of 
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states  of  conventional  superconductors,  tunneling 
results  of  the  high  7^  cuprate  of  Y,Ba2Cu307_, 
showed  reproducibly  three  unusual  features:  (1)  a 
weak,  underdeveloped  gap  structure;  (2)  presence 
of  finite  states  inside  the  gap  persistent  to  low 
temperature;  (3)  an  asymmetric.  Unear  normal 
state  conductance  versus  bias.  Although  many  of 
these  features  could  be  attributed  to  materials-re- 
lated  imperfections  near  the  surface,  the  repro- 
ducibiUty  and  consistency  of  these  recent  data 
suggest  that  the  unusual  properties  could  be  in¬ 
trinsic  to  the  high  cuprates. 

Junctions  of  lower  resistance  show  at  tempera¬ 
ture  below  7^,  of  Pb  the  development  of  supercur¬ 
rent  at  zero  bias  and  associated  hysteretic  sub-gap 
structure  with  an  I^R  varying  from  500  to  800  /tV 
[15].  The  present  I^R  product  is  about  10%-20% 
of  the  maximum  theoretical  value.  Typical  I-V 
characteristics  at  low  bias  at  r=  1.5  K  are  shown 
in  fig.  6  for  a  junction  of  a  resistance  of  80  U  and 
a  critical  current  of  5  it  A.  The  I-V  shows  a 
nearly  complete  Stewart  McCumber  hysteresis 
with  numerous  Fiske  steps  due  to  geometric  reso¬ 
nances.  The  supercurrent  modulates  with  mag¬ 
netic  field  and  microwave  radiations  in  a  manner 
expected  for  DC  and  AC  Josephson  effects.  Al¬ 
though  the  present  experimental  evidence  is  highly 
suggestive  of  Josephson  tunneUng,  the  possibility 
due  to  a  high  I^R  shorts  is  not  ruled  out  com¬ 
pletely. 


6.  Conclusions 

Molecular  beam  epitaxy  aided  with  an  activated 
oxygen  source  has  successfully  produced  Y|Ba2 
Cu307_,  epitaxial  films  of  excellent  structural 
and  superconducting  properties.  The  present  re¬ 
sults  in  single  layer  films  provide  a  basis  for  future 
fabrications  of  sophisticated  multilayer  structures. 
Such  approach  has  now  opened  up  an  exciting 
field  of  “molecular  engineering  of  oxides”,  which 
will  be  vital  for  both  basic  research  and  device 
work.  Our  tunneling  study  observed  for  the  first 
time  the  Josephson  current  between  a  high  tem¬ 
perature  superconductor  and  a  conventional  su¬ 
perconductor  in  a  planar  junction.  This  result 


establishes  an  important  criterion  for  theoretical 
postulations  of  high  temperature  superconductiv¬ 
ity.  Furthermore,  it  is  also  a  major  advance  to¬ 
ward  developing  a  Josephson  technology  based  on 
all  high  7],  superconductors. 
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We  have  developed  a  technique  tor  atomically  layering  crystallized  films  of  Bi2Sr,Ca„ ^  ,Cu„0, .  in-situ.  on  SrTiO,  substrates. 
These  compounds  have  a  layered  structure  along  the  c-axis  of  the  unit  cell.  To  grow  r-axis  oriented  films,  atomic  monolayers  of  the 
constituent  atoms  were  sequentially  deposited  on  hot  substrates  by  shuttering  the  fluxes  from  thermal  effusion  cells  in  such  a  way  as 
to  build  up  the  crystal  structure  of  the  film.  Various  stable  and  metastable  phases  were  grown  in  this  way.  along  with  atomically 
precise  superlattice  structures.  Oxidation  of  the  films  was  accomplished  during  growth  using  a  beam  of  ozone.  The  films  were 
superconducting  as  grown,  with  complete  resistive  transitions  as  high  as  86  K,  Moreover,  reflection  high  energy  electron  diffraction 
(RHEED)  patterns  obsened  during  growth,  as  well  as  post  growth  analysis  by  X-ray  diffraction  (XRD)  and  high  resolution  scanning 
electron  micrography  indicate  the  films  to  be  single  crystal  and  heteroepitaxial. 


High  temperature  superconductors  comprise,  by 
now,  a  large  set  of  complex  layered  compounds. 
In  many  cases  the  superconducting  properties  of 
the  material  depends  intimately  on  details  of  the 
crystallographic  layering,  such  as  in  the  low  and 
high  7^.  phases  of  the  Bi  and  T1  families  of  com¬ 
pounds.  It  is  of  interest,  therefore,  for  practical 
reasons  to  develop  techniques  of  synthesis  that 
allow  specific  layerings  to  be  accomplished.  Be¬ 
sides  approaches  derived  from  molecular  beam 
epitaxy  [1-3J,  techniques  relying  on  both  sputter¬ 
ing  [4]  and  laser  ablation  (5)  have  been  developed 
incorporating  kinetic  control  during  growth.  Here 
we  describe  progress  in  atomically  layering  epi¬ 
taxial  films  of  metastable  phases  and  superlattice 
structures  in  the  Bi  family  of  compounds.  The 
resulting  thin  films  are  single  crystal  in  nature  and 
have  superconducting  transitions  as  grown  of  86 
K. 

The  films  de.scribed  here  were  fabricated  u.sing 
a  technique  developed  for  growing  synthetically 
structured  epitaxial  superconducting  films  [1].  The 


growth  system  consists  of  an  ultra-high  vacuum 
chamber  that  has  a  base  pressure  of  1.0  X  10'^’* 
Torr  and  contains  thermal  effusion  cells  equipped 
with  beam  shutters  for  the  controlled,  sequential 
evaporation  of  individual  elements.  Prior  to 
growth,  the  beam  flux  from  each  metal  source  was 
measured  individually  using  an  ionization  gauge, 
and  the  measured  beam  flux  was  used  to  correct 
for  long  term  drift  in  the  sources.  Overall  beam 
flux  calibration  was  accomplished  by  means  of 
Rutherford  back  scattering  analysis  of  test  films. 

To  atomically  layer  the  growing  crystal  film, 
the  beams  from  the  metal  sources  were  sequen¬ 
tially  turned  on  and  off  by  means  of  a  set  of 
computer  controlled  shutters.  The  shuttering  times 
were  chosen  to  deposit  individual  monolayers  of 
each  element,  one  at  a  time,  thereby  synthetically 
structuring  the  film.  For  example,  during  the 
growth  of  the  2223  phase  films  the  sequence  used 
for  each  unit  cell  grown  was  -Bi-Bi-Sr-Cu-Ca- 
Cu-Ca-Cu-Sr-  where  each  elemental  symbol 
represents  an  integrated  flux  burst  of  one  mono- 
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layer  or  about  6.9  X  10''*  atoms  cm~^.  Typically, 
the  whole  sequence  was  repeated  15  to  50  times  to 
grow  films  300  to  1000  A  thick. 

To  oxidize  the  growing  crystal  structure  a  beam 
of  ozone-enriched  oxygen  from  a  discharge  gener¬ 
ator/silica  gel  cold-trap  separator  system  was  used 
[6).  We  estimate  the  ozone  fraction  of  the  beam 
flux  to  have  been  greater  than  2^%  based  on 
measurements  wit^  a  remote  quadrupole  mass 
spectrometer. 

The  growths  discussed  here  were  carried  out  on 
{100}  SrTiO,  substrates  at  temperatures  ranging 
between  650  and  750  °C.  The  substrates  were 
thermally  cleaned  in-situ  to  about  750  °C  in  the 
presence  of  an  ozone  flux,  and  exhibited  streaky 
reflection  high  energy  electron  diffraction 
(RHEED)  patterns  characteristic  of  a  single  crystal 
surface.  Typical  growth  rates  used  were  500-1000 
A/h.  During  growth,  the  crystal  surface  was 
monitored  by  RHEED.  When  good  calibration 
was  achieved,  at  specific  layer  stoichiometries  a 
diffraction  pattern  characteristic  of  a  single-crystal 
surface  was  observed.  An  example  of  such  a  pat¬ 
tern  observed  during  the  growth  of  a  2223  phase 
film  is  shown  in  fig.  1;  the  electron  beam  was 
incident  along  the  SrTiOj  (110)  direction.  This 
RHEED  pattern  is  similar  to  that  observed  during 
the  growth  of  Bi2(SrCa),Cu20,  (4).  The  most 
intense  lines  are  due  to  a  surface  periodicity  of 
about  2.7  A.  The  fainter  lines  halfway  in  between 
them  indicate  the  a-  or  f)-axis  lattice  constant  of 
about  5.4  A.  Thus  the  film  (100)  and  (010)  direc¬ 
tions  are  parallel  to  the  substrate  (110)  direction. 
Surrounding  the  more  intense  streaks  are  satellite 
streaks  that  are  characteristic  of  an  in-plane  struc¬ 
ture  of  about  25  to  30  A,  presumably  due  to  the 
incommensurate  ft-axis  structure  modulation.  As 
many  as  six  satellite  streaks  around  each  main 
streak  have  been  observed.  The  linewidth  of  the 
satellite  pattern,  comparable  to  the  RHEED  lin- 
ewidths  of  the  single  crystal  SrTiO,  substrate  it¬ 
self,  indicates  an  in-plane  crystallographic  coher¬ 
ence  length  of  at  least  200  A.  Post  growth  analysis 
with  high  resolution  scanning  electron  microscopy 
with  resolution  down  to  about  a  hundred 
Angstroms  has  shown  the  films  to  consist  of  a 
featureless  field  region,  in  which  are  embedded 
i.solated,  small  defects  with  densities  between  lO’ 


Fig.  1.  RHEED  pattern  observed  along  a  substrate  (110) 
direction  during  growth  of  Bi  jSr2Ca2Cu30,  thin  film  on  SrTiO, 
substrate.  The  slreali  spacings  indicate  (hat  the  film  [100]  and 
jOlO)  directions  are  parallel  to  the  substrate  (110)  directions. 


and  10** cm'*.  Thus,  we  suggest  the  field  region  to 
be  a  single  crystal,  heteroepitaxial  film. 

During  growth  the  RHEED  patterns  evolved  in 
a  complex  manner  reflecting  the  nature  of  the 
instantaneous  surface  chemistry  occurring.  In  par¬ 
ticular.  after  growth  of  the  bismuth  layers  in  each 
unit  cell  atomically  smooth  surfaces  were  ob¬ 
served,  as  indicated  by  the  RHEED  pattern  shown 
here.  We  have  also  observed  a  similar  behavior 
during  the  growth  of  2201,  2212.  and  2234  phases. 

The  highest  resistive  transition  in  a  2223  film, 
directly  from  the  chamber,  was  86  K.  full  zero. 
Fig.  2  shows  a  typical  resistive  transition  from  a 
sample  from  the  same  growth  that  exhibits  a  T^{  R 
=  0)  of  84  K.  This  film  was  cooled  from  725  °  C  in 
an  oxygen/ ozone  flow  approximately  20  times 
that  used  during  growth.  The  transition  seen  here 
is  broad,  starting  above  100  K.  Just  above  the 
superconducting  transition,  the  film  had  a  resistiv¬ 
ity  of  about  100  iiQ  cm. 
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Fig.  2.  Resistivity  versus  temperature  for  an  in-situ  grown 
Bi,Sr2Ca2Cu30,  film  showing  a  critical  temperature  of  84  K. 


The  crystallographic  properties  of  the  films  were 
also  characterized  by  X-ray  diffraction  (XRD) 
measurements.  The  2223  film  can  be  indexed  to  a 
c-axis  lattice  constant  of  37.2  A,  in  good  agree¬ 
ment  with  the  range  of  measured  values.  Other 
scans  sensitive  to  the  in-plane  structure  show  the 
film  to  be  completely  epitaxially  aligned  to  the 
substrate.  There  is  no  evidence  of  2223  phase 
growth  with  any  other  orientation.  When  the  c-axis 
is  aligned  normal,  the  widths  of  the  individual  film 
peaks  can  be  used  as  a  measure  of  the  regularity 
of  the  atomic  layering  throughout  the  film  thick¬ 
ness.  The  linewidths  of  the  002  and  0010  peaks 
indicate  coherent  Bragg  scattering  of  the  incident 
X-rays  from  the  entire  film  thickness,  which  dem¬ 
onstrates  the  ability  of  atomically  layered  epitaxy 
to  artificially  synthesize  the  crystallographic  struc¬ 
ture  of  the  film. 

Other  layerings  of  bismuth  containing  supier- 
conducting  comptounds  are  known  to  exist. 
Specifically,  compounds  with  m  CuOj  layers,  hav¬ 
ing  chemical  composition  Bi^Sr^Ca,,,^  ,Cu„,0,, 
form  a  sequence  that  differ  little  in  internal  en¬ 
ergy.  Single  phase  films  are  thus  hard  to  obtain 
using  equilibrium  synthesis  techniques.  With 
atomically  layered  growth,  however,  single  phase 
samples  can  easily  be  grown  by  utilizing  the  inher¬ 
ent  kinetic  control  of  the  sequenced  growth  pro¬ 
cess.  Fig.  3  shows  XRD  pattern  aligned  close  to 
the  substrate  {001}  for  five  different  films.  Here 
compounds  containing  between  one  and  five  CuO^ 
layers  were  grown  as  evidenced  by  the  single  phase 
XRD  patterns  observed. 


Besides  stabilizing  the  growth  of  metastable 
phases  in  the  BiSrCaCuO  system,  atomic  layer 
epitaxy  is  also  capable  of  growing  completely  syn¬ 
thetic  structures.  As  an  example  of  this,  super¬ 
lattices  consisting  of  different  phases  from  the 
BiSrCaCuO  system  have  been  grown.  In  these 
experiments,  the  composition  of  each  supercon¬ 
ducting  molecular  layer  is  alternated.  This  is  also 
easily  achieved  using  the  computer-controlled 
shuttering  capability  of  the  growth  system.  Growth 
conditions  were  similar  to  those  described  above 
when  single  phase  films  were  grown.  In  such  a 
regular  structure  consisting  of  alternating  unit  cells 
that  are  similar  in  their  atomic  arrangement,  half 
of  the  XRD  peaks  that  otherwise  would  be  seen 
from  the  extended  unit  cell  are  approximately 


Fig.  3.  X-ray  diffraction  patterns  obtained  from  five  different 
growths  in  which  compounds  containing  from  one  to  five 
Cu02  layers  per  unit  cell  were  grown. 
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20  Idegrees) 

Fig.  4.  X-ray  diffraction  pattern  of  superlattice  consisting  of  alternating  unit  cells  of  the  2212  and  2223  compounds. 


suppressed  by  symmetry.  Fig.  4  shows  an  XRD 
pattern  of  a  superlattice  consisting  of  alternating 
2212  and  2223  unit  cells.  In  the  region  of  the  0010 
reflections,  the  even  peaks  are  suppressed  and  the 
odd  peaks  appear  much  higher,  while  at  lower  and 
higher  angles  the  opposite  is  true. 

To  demonstrate  that  the  c-axis  lattice  constant 
is  in  fact  due  to  the  regular  ordering  of  an  artifi¬ 
cial  structure  and  net  due  to  a  random  mixture  of 
the  two  unit  cells,  a  careful  low  angle  scan  was 
performed  to  look  for  the  001  peak.  In  a  dis¬ 
ordered  system  such  as  described  by  Hendricks 
and  Teller  [7],  no  low  angle  peak  would  be  seen. 
Fig.  S  shows  such  a  low  angle  scan  of  a  super¬ 
lattice  consisting  of  alternating  layers  of  2201  and 


2223  unit  cells.  Here,  the  approximate  symmetry  is 
not  as  strong  as  it  is  in  the  previous  superlattice 
discussed,  due  to  the  larger  difference  between  the 
structure  factors  of  the  constituent  unit  cells,  espe¬ 
cially  at  low  angles.  Therefore  the  suppression  of 
the  odd  order  peak  at  low  angles  is  not  as  strong. 
A  strong  001  peak  was  found  and  demonstrates 
conclusively  that  the  modulated  structure  grew  as 
a  regular,  atomically  layered  superlattice.  This  can 
be  viewed  as  a  new  compound  with  the  extended 
c-axis  unit  cell. 

In  summary,  single  crystal  films  of  Bi-Sr-Ca- 
Cu-O  superconductors  can  be  heteroepiiaxially 
grown,  in  situ,  by  atomically  layering,  using  ozone 
as  a  source  of  reactive  oxygen.  Such  films  have 
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Fig.  5.  (a)  Low  angle  X-ray  diffraction  pattern  obtained  from  a 
superlattice  film  consisting  of  alternating  unit  cells  of  the  2201 
and  2223  compounds:  (b)  theoretical  calculations  for  a  15 
period  2201/2223  ordered  superlattice  and  (cl  the  predictions 
of  Hendricks  and  Teller's  theory  for  a  film  consisting  of  a 
randomly  layered  mixture  of  50%  2201  and  50%  2223  unit 
cells. 

superconducting  transitions  as  high  as  86  K.  By 
atomically  layering  the  growth,  metastable  phases 
can  be  stabilized,  and  artificial  structures,  such  as 


layer  by  layer  superlattices  of  different  com¬ 
pounds,  can  be  synthesized. 

This  project  has  been  supported  by  ONR  and 
DARPA  through  contract  N00014-88-C-0760. 
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Epitaxial  ferromagnetic  films  of  r-MnAl  in  thickness  from  3  to  60  nm  have  been  successfully  grown  on  AlAs/GaAs  heterosiruc- 
lures  using  the  molecular  beam  epitaxy  (MBE)  growth  technique.  This  magnetic  phase  is  a  non-equilibrium  metastable  structure, 
stabilized  in  part  by  its  close  epitaxial  registry  with  the  underlying  III-V  semiconductor.  The  growth  window  is  very  narrow  due  to 
the  metastability  of  the  r-phase.  Growth  has  been  achieved  through  the  use  of  predeposiied  MnAl  template  layers  of  1-3  bilayers, 
which  effectively  separate  the  nucleation  and  growth  steps.  Template  formation  and  subsequent  metal  growth  are  monitored  by 
reflection  hi^  energy  electron  diffraction  (RHEED).  RHEED  has  also  been  used  to  monitor  preliminary  attempts  at  Ill-V 
semiconductor  overgrowth  on  the  magnetic  MnAl  films.  The  data  indicate  that  the  overgrowth  proceeds  in  a  three-dimensional  island 
growth  mode  of  single  crystal  Ill-V  semiconductor. 


Recent  advances  in  the  field  of  heteroepitaxy 
have  provided  us  with  the  ability  to  integrate 
dissimilar  materials  with  markedly  differing  prop¬ 
erties  together  within  monolithic  monocrystalUne 
heterostructures.  One  particularly  exciting  possi¬ 
bility  which  couples  two  technologically  very  im¬ 
portant  classes  of  materials  is  that  of  magnetic 
materials  grown  epitaxially  on  underlying  semi¬ 
conductor  structures.  For  magnetic  materials 
which  have  a  relatively  isotropic  magnetization 
energy,  the  shape  anisotropy  imposed  by  the  large 
aspect  ratio  of  a  thin  film  dictates  that  the  mag¬ 
netic  moment  lie  in  the  plane  of  the  film.  This  is 
found  to  be  the  case  in  much  of  the  work  done 
over  the  last  decade  on  elemental  ferromagnetic 
metals  on  III-V  compounds  (e.g.,  Fe  on  GaAs) 
[1].  Howeve’",  for  magnetic  storage  applications, 
the  highest  storage  density  can  be  achieved  with 
the  magnetization  direction  perpendicular  to  the 
film.  Furthermore,  magnetooptic  storage  or 
switching  applications  require  the  material’s  mag¬ 
netic  moment  to  be  along  the  direction  of  light 
propagation.  Since  in  many  such  applications  the 
optical  beam  comes  in  perpendicular  to  the  surface 
of  the  material,  perpendicular  magnetization  is 
again  preferred.  And  finally,  to  fully  exploit  the 


intimate  heteroepitaxial  coupling  between  the 
magnetic  film  and  underlying  semiconductor  de¬ 
vice  structures,  a  perpendicular  moment  pointing 
either  into  or  out  of  the  semiconductor  is  the 
desirable  configuration.  An  important  goal,  there¬ 
fore,  in  the  growth  of  magnetic  films  on  semicon¬ 
ductors  is  to  establish  a  strong  enough  magnetic 
anisotropy  so  as  to  bring  the  magnetization  out  of 
the  shape-anisotropy-dictated  in-plane  direction 
and  into  the  perpendicular  configuration. 

We  have  recently  reported  work  involving  the 
growth  of  MnAl/ AlAs/GaAs  heterostructures  [2]. 
The  work  is  an  outgrowth  of  our  earlier  work  on 
NLAl/ AlAs/GaAs  and  CoAl/ AlAs/GaAs  het¬ 
erostructures  [3].  Whereas  the  cubic  NiAl  and 
CoAl  materials  are  nonmagnetic,  the  tetragonal 
T-MnAl  material  is  ferromagnetic  possessing  a 
strong  magnetocrystalline  anisotropy  favoring  the 
magnetic  moment  lying  along  the  c-axis.  A 
summary  of  its  structure  and  key  magnetic  prop¬ 
erties  is  shown  in  fig.  1  in  comparison  with  two 
elemental  magnetic  elements,  Fe  and  Co,  which 
have  also  been  grown  epitaxially  on  GaAs  [1]. 
Though  its  saturation  magnetization  is  less  than 
that  of  Fe  and  Co,  it  is  preferable  to  them  in  two 
respects.  Its  Curie  temperature  is  closer  to  room 
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Fig.  1.  A  comparison  of  the  structure  and  magnetic  properties  of  three  ferromagnetic  materials  which  have  been  grown  epitaxially  on 

GaAs  using  MBE. 


temperature,  making  it  more  appropriate,  for  ex¬ 
ample,  for  thermal  write/ erase  applications.  More 
importantly,  it  has  a  distinctly  higher  magneto¬ 
crystalline  anisotropy  as  indicated  by  its  high  ani¬ 
sotropy  field. 

The  crystal  structure  of  r-MnAl,  also  shown  in 
fig.  1,  is  a  tetragonally  distorted  version  of  the 
CsCl  structure  of  NL\1  and  CoAl  which  we  have 
previously  grown  within  III-V  semiconductor/ 
metal  heterostructures  [3].  Since  its  chemistry  is 
expected  to  be  similar  to  those  materials,  it  should 
be  relatively  stable  in  contact  with  III-V  com¬ 
pounds  in  general,  and  AlAs  in  particular.  This 
makes  it  a  better  candidate  for  elevated  tempera¬ 
ture  metal  growth  and  semiconductor  overgrowth. 
In  addition,  its  pronounced  tetragonality  (co/ao  = 
1.278)  and  favorable  lattice  constant  (ag=  0.277 
nm  is  within  2%  of  a/2  of  GaAs  and  AlAs)  give  it 
a  strong  tendency  to  orient  with  its  c-axis,  and 
hence  its  strong  magnetic  direction,  perpendicular 
to  the  (100)  semiconductor  substrate,  the  desired 
orientation  discussed  above.  Equally  important, 
this  close  epitaxial  relationship  may  assist  in 
stabilizing  this  tetragonal  ferromagnetic  r-phase 
which  is  only  metastable  in  the  bulk  [2].  This 
metastability  issue,  as  it  relates  to  the  thin  film 
growth  of  the  material,  will  be  discussed  further 
below. 


Though  T-MnAI  is  only  metastable,  it  has  been 
prepared  previously  both  in  the  bulk  by  quenching 
[4]  and  in  thin  film  form  by  sputtering  onto  glass 
substrates  [5],  neither  of  which  result  in  mono¬ 
crystalline  growth  or  even  in  a  predominance  of 
c-axis  orientation  along  any  given  direction.  It  is 
to  achieve  this  highly  desirable  directionality  that 
we  have  chosen  epitaxial  growth  by  molecular 
beam  epitaxy  (MBE).  The  entire  deposition  takes 
place  in  a  single  growth  chamber  of  a  Riber  MBE 
1000  growth  system.  The  Mn  source  is  a  standard 
resistively-heated  effusion  cell  with  a  pyrolytic 
graphite  crucible,  chosen  to  minimize  reactions 
with  the  Mn  (all  other  effusion  cell  sources  used 
employed  pyrolytic  boron  nitride  crucibles).  The 
cell  was  heated  to  900-950°C  to  provide  a  MnAl 
deposition  rate  of  -  0.1  ^nt/h,  and  though  there 
seem  to  be  no  catastrophic  reaction  problems  be¬ 
tween  the  Mn  and  the  graphite  crucible,  the  CO 
quadrupole  mass  analyzer  peak  rises  significantly 
when  the  Mn  cell  is  up  to  temperature,  with  the 
background  chamber  pressure  rising  from  the  low 
IQ-io  range  to  the  low  10'**  Torr  range.  This 
is  not  expected  to  have  effects  on  the  metal  de¬ 
position,  but  as  a  precaution,  the  Mn  cell  is  idled 
at  a  much  lower  400°C  during  all  semiconductor 
deposition,  where  it  seems  to  have  no  appreciable 
effect.  The  monocrystalline  semiconductor  sub- 
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strates  consist  of  a  bulk  (100)  GaAs  wafer  on 
which  a  buffer  layer  of  0.5  nm  or  more  of  GaAs 
plus  a  thin  (typically  10  nm)  AlAs  epitaxial  layer 
are  first  deposited  under  normal  arsenic-stabilized 
growth  conditions  at  580°C.  The  presence  of  an 
adjacent  semiconductor  layer  sharing  the  same 
group  111  element,  Al,  with  the  MnAl  minimizes 
any  driving  force  for  interfacial  reactions.  The 
growth  of  the  GaAs/ AlAs  epitaxial  layers  is  fol¬ 
lowed  by  a  pause  on  the  order  of  1-2  h  during 
which  time  the  arsenic  cell  is  turned  off  and 
allowed  to  cool  and  the  substrate  temperature  is 
dropped  to  the  desired  value  for  metal  growth 

The  issues  surrounding  the  growth  of  a  phase 
which  is  only  metastable  are  rather  complex.  Our 
findings  for  the  case  of  MnAl  may  well  serve  as  a 
guide  for  the  growth  of  other  metastable  materials. 
The  choice  of  substrate  temperature  is  critical. 
Below  the  low  temperature  limit,  we  find 
amorphous  metal  growth,  as  the  kinetics  are  too 
sluggish,  preventing  even  the  fraction  of  a  nano¬ 
meter  atom  movements  required  to  form  the  lower 
energy  crystalline  phases.  As  one  would  expect, 
too  high  a  temperature  allows  equilibrium  phases 
to  form,  as  the  barriers  separating  them  from  the 
desired  metastable  phase  become  kinetically 
surmountable.  For  the  case  of  r-MnAl.  these  low 
and  high  temperature  limits  are  remarkably  close 
together,  lying  at  about  180  and  respec¬ 

tively.  In  most  cases,  the  temperature  values  re¬ 
ported  have  been  derived  from  thermocouple  read¬ 
ings,  linearly  adjusted  to  two  fixed  points:  the 
observed  melting  point  of  the  indium  solder  hold¬ 
ing  the  wafer  to  the  heated  Mo  block,  and  the 
initial  desorption  temperature  of  the  surface  oxide 
from  the  starting  GaAs  wafer  observed  by 
RHEED.  These  two  fixed  points  are  156  and 
580°C  respectively. 

This  rather  narrow  growth  window,  -  80  ”  C,  is 
found  to  narrow  even  further  with  subsequent 
growth.  We  attribute  this  to  the  fact  that  once 
properly  nucleated,  as  discussed  below,  the  r-phase 
continues  to  grow  until  a  growth  defect  is  formed 
which  serves  as  a  nucleation  point  for  one  of  the 
competing  equilibrium  phases.  Once  a  competing 
phase  is  nucleated,  it  will  continue  to  grow  until  it 
eventually  takes  over  completely  from  the  less 
stable  T-phase.  The  rate  at  which  such  defects 


occur  is  greater  in  the  lower  end  of  the  growth 
temperature  window,  and  hence  only  thin  layers 
of  the  T-phase  can  be  grown  at  these  temperatures 
before  equilibrium  phases  take  over.  Hence,  in 
order  to  grow  thicker  metastable  films,  the  sub¬ 
strate  temperature  must  be  higher,  further  narrow¬ 
ing  the  growth  window.  Specifically,  while  films 
only  a  few  nm  thick  can  be  grown  at  the  lower 
180°C  limit,  films  with  thicknesses  of  60  nm  can 
only  be  achieved  near  the  upper  limit  of  260°C. 
Films  thicker  than  60  nm  would  require  even 
higher  substrate  temperatures  to  avoid  the  above 
mentioned  defects  throughout,  but  this  would 
mean  exceeding  the  upper  temperature  limit  where 
equilibrium  phases  can  form.  Of  course  the  exact 
numbers  depend  on  variables  such  as  exact  film 
composition  and  starting  template  perfection, 
neither  of  which  we  have  yet  systematically  ex¬ 
plored.  The  qualitative  trend  of  the  effective 
growth  window  narrowing  with  increasing  film 
thickness,  however,  is  expected  to  remain  the  same 
under  any  set  of  initial  conditions. 

A  second  issue  related  to  the  question  of  opti¬ 
mum  substrate  temperature  is  the  issue  of  initial 
nucleation  of  the  metastable  phase.  The  lowered 
interface  energy  resulting  from  a  c-axis  aligned 
T-phase  on  the  AlAs  is  expected  to  favor  the  initial 
nucleation  of  T-MnAl,  as  discussed  above.  How¬ 
ever,  here  kinetics  are  also  expected  to  play  an 
important  role,  and  it  is  not  obvious  from  the 
outset  that  the  optimum  growth  temperature  will 
be  the  same  as  the  optimum  nucleation  tempera¬ 
ture.  If  one  simply  begins  growth  abruptly  by 
co-depositing  Mn  and  Al  directly  on  AlAs.  the 
two  stages  of  nucleation  and  growth  are  interre¬ 
lated,  and  a  compromise  substrate  temperature 
must  be  sought.  One  way  around  this  is  the  use  of 
a  starting  template.  In  our  previous  work  on  het¬ 
erostructures  of  NLAl  and  CoAl  we  have  found 
that  the  predeposition  of  a  thin  template  layer  is 
essential  in  nucleating  a  single  crystallographic 
variant  [2,6].  Following  a  similar  approach,  a  few 
atomic  layers  of  Mn  and  Al  are  first  deposited  at  a 
low  temperature.  This  predeposit  is  then  heated 
slowly  while  watching  the  reflection  high  energy 
electron  diffraction  (RHEED)  pattern  to  ascertain 
the  precise  point  at  which  a  good  c-axis  T-phase 
template  is  formed.  Once  the  template  forms,  the 
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Fig.  2.  RHEED  sequence  illustrating  the  formation  of  an 
equilibrium  phase  template  instead  of  the  desired  r-MnAI 
from  a  i  bilayer  template  predeposition  which  is  too  thick,  (a) 
c(4x  4)  AlAs  surface;  (b)  5  bilayers  MnAl  predeposited.  «= 
170°C.  layer  amorphous;  (c),  (d)  healed  to  250“C  to  crystallize 
mixture  of  t  plus  equilibrium  phases  (equilibrium  phases  take 
over  during  subsequent  growth). 

substrate  temperature  can  be  changed  to  a  differ¬ 
ent  optimum  growth  temperature,  at  which  point 
continuous  co-deposition  of  Mn  and  Al  can  com¬ 
mence.  Thus  the  template  method  is  used  here  to 
decouple  the  nucleation  from  the  growth  and  make 
possible  the  growth  of  the  metastable  phase. 

In  order  to  explore  further  the  problem  of 
initial  nucleation,  we  have  grown  a  series  of  tem¬ 
plates  which  can  be  grouped  into  two  categories, 
“thick”  and  “thin”.  The  former  consists  of  any¬ 
thing  thicker  than  a  few  bilayers  where  one  bilaycr 
is  defined  here  as  the  number  of  Al  and  Mn  atoms 
in  one  complete  tetragonal  unit  cell  (see  fig.  1).  A 
RHEED  sequence  using  such  a  thick  template, 
consisting  of  5  bilayers,  is  shown  in  fig.  2.  The 
initial  AlAs  starting  surface  (fig.  2a)  is  completely 
covered  with  an  amorphous  layer  once  the  prede¬ 


position  takes  place  (fig.  2b).  The  kinetics  of  con¬ 
verting  such  a  “  thick”  amorphous  layer  to  a  crys¬ 
talline  T-phase  template  are  too  sluggish  for  the 
T-phase  to  preferentially  nucleate  alone.  By  the 
time  the  atoms  are  mobile  enough  at  250°C  to 
crystallize  the  film,  the  equilibrium  phases  have 
already  preferentially  nucleated  (fig.  2c).  Once  they 
nucleate,  they  dominate  and  subsequent  r-phase 
growth  becomes  impossible. 

The  case  of  “thin”  predeposits  favors  the 
amorphous-to-crystalline  conversion  taking  place 
at  a  lower  temperature  thus  favoring  the  forma¬ 
tion  of  the  T-phase.  Such  a  sequence  as  docu¬ 
mented  by  RHEED  is  shown  in  fig.  3.  In  this  case, 
an  amorphous  predeposit  of  2  bilayers  is  used.  It 
is  amorphous  even  after  only  a  single  bilayer  is 
depositedlas  shown  in  fig.  3b.  The  lack  of  any 
strong  AlAs  pattern  at  this  point  is  strong  evi¬ 
dence  for  complete  surface  coverage  at  this  low 
substrate  temperature  (0°C).  even  for  a  single  unit 
cell  of  deposition.  Once  the  2  bilayers  have  been 
deposited,  the  substrate  temperature  is  gradually 
increased,  and  by  200‘’C  the  properly  oriented 
T-phase  template  pattern  appears,  as  seen  in  figs. 
3c  and  3d  along  two  azimuths.  Subsequent  MnAl 
deposition  on  this  template,  shown  on  the  bottom 
three  panels  of  this  figure,  shows  that  undev  these 
growth  conditions,  pure  r-phase  is  present  for  a 
thickness  as  high  as  6.5  nm  (fig.  3e).  By  the  time 
16  nm  are  grown,  equilibrium  phases  appear  and 
soon  begin  to  take  over  (figs.  3f  and  3g).  In 
exploring  a  series  of  template  sequences  we  have 
found  that  all  sequences  involving  1,  2  or  3  bi¬ 
layers  can  result  in  proper  T-phase  templates. 

In  another  series  of  experiments  we  have  ex¬ 
plored  forming  the  initial  amorphous  predeposit 
as  a  layered  sequence  of  alternating  Mn  and  Al 
monolayers.  The  motivating  idea  was  that  the 
alternating  layer  structure  of  the  c-axis  T-MnAl 
could  already  be  in  place  in  the  amorphous  start¬ 
ing  deposit.  There  is  some  evidence  that  such  a 
sequence  indeed  leads  to  the  T-phase  formation  at 
a  slightly  lower  temperature.  What  is  perhaps  a 
more  important  factor,  however,  in  determining 
the  T-phase  onset  temperature,  which  varies  be¬ 
tween  100  and  250°C,  is  the  exact  stoichiometry 
of  the  MnAl  film.  The  absolute  control  of  film 
stoichiometry  is  very  difficult.  The  “ideal”  con- 
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Fig.  3.  RHEED  sequence  of  a  good  r-MnAl  templaie  on  AlAs 
using  a  2  bilayer  predeposited  template.  Growth  on  the  tem¬ 
plate  begin,s  r-phase  and  eventually  becomes  an  equilibrium 
phase  miature.  (a)  c(4x4)  AlAs  surface;  (b)  1  bilayer  MnAl 
predeposited  at  =  0  ”  C.  the  layer  is  amorphous;  (c),  (d)  2 
bilayers  MnAl  predeposited  at  0°C  and  annealed  to  -  200°C. 
T  phase  has  formed;  (e)  6.5  mn  r-MnAl  grown  at  200‘’C;  (0- 
(g)  16  nm  T-MnAl  grown  at  200°C,  equilibrium  phases  present. 


centration  in  bulk  r-MnAl  is  54  dX%  Mn.  Since  we 
are  using  a  non-rotating  substrate,  unavoidable 
composition  gradients  occur  across  the  wafer.  By 
spatially  probing  with  RHEED  we  have  de¬ 
termined  that  the  relatively  more  Al-rich  regions 
convert  to  r-phase  earlier  than  the  more  Mn-rich 


regions.  The  precise  understanding  of  these  effects 
must  await  a  more  thorough  experimental  ex¬ 
amination.  Nevertheless,  the  layers  formed  in  the 
manner  described  above  are  indeed  the  ferromag¬ 
netic  r-MnAl  phase  with  the  proper  perpendicular 
c-axis  orientation,  as  we  have  shown  previously 
with  both  X-ray  and  magneto-transport  measure¬ 
ments  [2.7]. 

As  a  final  demonstration  of  the  flexibility 
achieved  by  growing  the  magnetic  phase  epitaxi¬ 
ally  on  the  underlying  AlAs/GaAs  substrate,  we 
have  attempted  to  perform  single  crystal  semicon¬ 
ductor  overgrowth  over  the  r-MnAl  to  form  an 
embedded  ferromagnetic  metal  layer.  The  MnAl/ 
AlAs  film  couple  is  expected  to  be  reasonably 
stable,  even  at  the  elevated  temperatures  needed 
for  overgrowth.  Fig.  4  shows  the  RHEED  se¬ 
quence  as  overgrowth  proceeds  on  a  starting  7  nm 
r-MnAl  surface  (fig.  4a).  In  the  overgrowth  se¬ 
quence  we  have  previously  optimized  for  III-V 
overgrowth  on  NiAl  [2.6],  the  metal  surface  is 
intermittently  pulsed  with  single  monolayers  of 
Al,  at  a  rate  of  about  1  monolayer/min.  while  the 
As  cell  temperature  is  raised.  This  approach  pre¬ 
vents  formation  of  multivariant  NiAs  and  be¬ 
comes  the  starting  AlAs  template.  The  technique 
also  works  here  in  the  MnAl  case.  An  AlAs-like 
RHEED  pattern  is  already  forming  upon  heating 
and  exposure  to  As  (fig.  4b),  indicating  that  the 
stability  requirement  seems  to  be  satisfied.  The 
complication  arises  in  the  growth  mode  of  the 
subsequently  overgrown  GaAs/AlAs  material.  A 
spotty  RHEED  pattern,  indicative  of  3D  island 
growth,  can  be  seen  from  the  very  beginning  (fig. 
4c).  This  persists  well  beyond  100  nm  of  growth. 
These  observations  are  similar  to  the  wetting  prob¬ 
lems  associated  with  GaAs  overgrowth  on  ErAs 
[3].  In  that  case  3D  island  growth  is  attributed  to 
the  relatively  low  surface  energy  of  the  exposed 
ErAs  layer.  Based  on  that  similarity,  we  presume 
that  the  island-like  overgrowth  observed  here  is 
due  to  the  fact  that  the  surface  energy  of  r-MnAl 
is  lower  than  that  of  NiAl  and  CoAl  which  do  not 
exhibit  severe  islanding  overgrowth  problems. 
These  findings  are  of  course  only  preliminary.  A 
more  complete  experimental  study  of  the  over¬ 
growth  is  needed  to  understand  and  discover  ways 
around  this  problem. 
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Fig  4  RHEED  sequence  of  III-V  semiconductor  overgrowth 
on  an  epitaxial  r-MnAl/AlAs/GaAs  heterostructure.  Over¬ 
growth  is  monocrystalline,  but  proceeds  in  a  pronounced  3D 
island  growth  mode,  (a)  7  nm  r-MnAl.  7;„h  =  250’’C;  (b) 
annealed  to  450°C,  As  flux  coming  up,  AlAs  surface  forming; 
(c)  60  nm  GaAs  overgrowth.  =  450°C.  epitaxial  but  in  3D 
island  growth  mode. 


In  summary,  epitaxial  ferromagnetic  films  of 
metastable  r-MnAl  have  been  successfully  grown 
by  MBE  on  AlAs/GaAs  heterostructures.  Meta¬ 
stability  and  the  problems  resulting  from  the  asso¬ 
ciated  narrow  growth  window  have  been  addre¬ 
ssed  by  utilizing  a  template  approach,  thus  sep¬ 
arating  the  nucleation  and  subsequent  growth  parts 
of  the  problem.  Initial  attempts  at  semiconductor 
overgrowth  result  in  a  3D  island  type  growth 
mode.  Nevertheless,  preliminary  indications  are 
that  the  two  materials  are  stable  in  contact  with 
one  another  even  at  the  elevated  temperatures 
required  to  grow  ferromagnetic  layers  epitaxially 
in  Ill-V  heterostructures. 
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We  report  a  successful  epitaxial  growth  of  an  intermetallic  compound  Fe,(Al,Si)  on  GaAs(l(X)).  Fe3(Al,Si)  has  a  BiFj  (DOj) 
structure  with  a  lattice  constant  which  can  be  adjusted  to  achieve  a  perfect  lattice  match  with  GaAsflOO)  face  by  tuning  the  relative 
concentration  of  Al  to  Si.  The  crystal  growth  was  carried  out  in  an  MBE  system  consisting  of  dual  gro>,’'i  chambers,  one  for  IIl-V 
compound  semiconductors  and  the  other  for  growing  metals  or  group  IV  like  Si.  Sharp,  elongated  strea  w^re  observed  in  the 
reflection  high  energy  electron  diffraction  (RHEED)  pattern  after  the  deposition  of  one  monolayer  (ML)  of  FcjfAl.Si).  indicating  the 
attainment  of  an  atomically  smooth  surface.  The  streaky  RHEED  pattern  sharpened  further  until  a  34  A  (12  MLs)  thickness  was 
reached,  and  retained  similar  quality  in  thicker  films.  The  crystal  structure  of  the  films  was  also  characterized  by  high-resolution 
X-ray  diffraction  and  Rutherford  back.scattering/channeling  analysis.  A  rocking  curve  as  narrow  as  0.03°  full  width  half  maximum 
along  (4(X))  Bragg  reflection  was  obtained  for  an  Fe29(Alo4Si(,7)  film  1000  A  thick. 


1.  Introduction 

Epitaxial  metal-semiconductor  heterostruc¬ 
tures  continue  to  receive  much  attention  due  to 
interest  in  the  studies  of  fundamental  physics  such 
as  Schottky  barrier  formation,  as  well  as  potential 
applications  for  electronic  and  optoelectronic  de- 
vice.s.  Notable  examples  for  applications  are 
monolithic  vertical  integration  in  microelectronics, 
hot-electron  high-speed  devices,  and  metallic 
quantum  well  devices.  Recent  efforts  have  also 
been  extended  to  the  area  of  epitaxial  magnetic 
films  and  their  integration  with  semiconductors. 

Many  metallic  elements  and  intermetallic  com¬ 
pounds  have  been  shown  to  grow  epitaxially  on 
GaAs.  Examples  for  the  former  are  Al  [1],  Ag  [2), 
and  Fe  [3}.  All  these  elements  have  large  lattice 
mismatches  with  GaAs.  Moreover,  their  interfaces 
with  GaAs  are  thermodynamically  unstable. 
Growth  or  post  anneal  at  modest  temperatures 
has  led  to  interdiffusion  and  formation  of  some 
compound  phases. 

As  for  the  growth  of  intermetallic  compounds 
on  GaAs  or  its  related  III-V  compound  semicon¬ 
ductors,  two  notable  groups  have  been  found  to 
form  stable  interfaces  in  good  lattice  matches  with 
the  compound  semiconductors:  The  first  group 


has  a  cubic  CsCl  (B2)  crystal  structure,  which 
includes  NiAl,  CoAl.  FeAl,  CoGa,  NiGa,  etc.  [4], 
Their  lattice  parameters  are  usually  1-3^  larger 
than  one  half  the  lattice  constant  of  GaAs.  Rare 
earth  (RE)  monopnicides  belong  to  the  second 
group  with  a  NaCl  (Bl)  structure.  The  members 
include  ErAs,  LuAs,  YbAs,  Er(P,As).  and 
(Sc,Er)As  (5).  Their  lattice  constants  are  closely 
matched  to  that  of  GaAs. 

Interesting  results  on  crystal  growth  and  electri¬ 
cal  transport  using  the  first  group  of  materials  on 
GaAs/AlAs  have  been  reported.  The  quality  of 
the  materials  may  be  further  improved  if  lattice 
parameters  of  the  metallic  compounds  can  be  made 
closer  to  that  of  GaAs  or  AlAs.  One  approach  of 
fine  tuning  the  lattice  constant  is  to  insert  a  third 
element  rather  than  exhausting  the  possibilities  in 
binary  systems. 

Our  study  along  this  direction  has  led  to  iden¬ 
tify  an  Fe-Al-.Si  system  in  the  crystal  structure  of 
BiFjfDOj)  [6].  This  material  system  fulfills  the 
necessary  structural  and  thermodynamical  re¬ 
quirements:  (1)  a  material  has  a  lattice  constant 
close  to  that  of  GaAs,  (2)  compositions  of  Al  and 
Si  can  be  adjusted  to  achieve  a  perfect  lattice 
match  with  GaAs,  and  (3)  a  material  is  thermody¬ 
namically  stable  with  GaAs  at  a  typical  growth 
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temperature  range,  i.e.  —  500  °  C,  and  has  a  high 
melting  point  about  1500  °C.  In  this  paper,  we 
report  the  epitaxial  growth  of  FejfAl.Si)  on 
GaAs(lOO)  by  molecular  beam  epitaxy  (MBE), 
along  with  its  structural  properties.  The  electrical 
and  magnetic  properties  will  be  published 
elsewhere. 


2.  Experimental 

The  crystal  growth  was  carried  out  in  a  multi¬ 
chamber  MBE  system  in  which  one  chamber  with 
solid  sources  is  used  to  grow  IIl-V  (GaAs,  Al- 
GaAs,  InGaAs)  materials  and  another  chamber 
equipped  with  two  electron  guns  and  four  effusion 
cells  is  used  to  grow  metals  and  group  IV  maten- 
als  like  Si.  In  the  second  chamber  for  metal  growth, 
no  As  chunk  has  ever  been  evaporated.  This  would, 
therefore,  remove  the  possibility  of  As-contamina- 
tion  in  the  metal  films,  which  is  usually  a  primary 
concern  if  the  metal  films  are  prepared  in  the 
same  growth  chamber  of  As-based  III-V  materi¬ 
als. 

The  growth  sequence  began  with  a  standard 
GaAs  buffer  layer  0.5  ftm  thick  on  GaAsflOO) 
wafers.  The  growth  temperatures  were  at  580- 
600  °C.  The  samples  were  cooled  in  the  III-V 
chamber  to  250-300  °C  within  15  min  and  then 
transferred  to  the  second  growth  chamber  through 
several  connecting  chambers  over  a  period  of  5-10 
min.  The  vacuum  of  these  connecting  chambers 
was  kept  at  1x10"'®  Torr.  Once  the  samples 
were  in  the  second  chamber,  they  were  heated  up 
to  ~  550®C  to  remove  excess  As  to  obtain  a 
Ga-stablized  or  an  As-stalized  surface.  The  sub¬ 
strate  temperatures  were  then  lowered  to  300- 
450°  C  for  the  growth  of  FejfAl.Si). 

Fe  and  Si  were  evaporated  from  electron  beam 
sources,  and  Al  from  an  effusion  cell.  The 
evaporation  rates  of  Fe  and  Si  were  controlled  by 
Inficon  Sentinel  rate  monitors  based  on  electron 
impact  emission  spectroscopy  (EIES).  For  Fe  and 
Si,  the  feedback-loop  controls  formed  with  the 
rate  monitors  maintain  constant  deposition  rates 
with  fluctuations  less  than  2%.  The  evaporation 
rate  of  Al  was  controlled  simply  by  the  cell  tem¬ 
perature.  and  is  known  to  be  quite  accurate.  The 


growth  rates  of  these  three  elements  were  further 
calibrated  by  a  quartz  crystal  monitor  located  at 
the  substrate  position  before  the  deposition.  The 
quartz  monitor  was  retracted  during  the  growth  in 
order  to  avoid  interference  with  the  film  deposi¬ 
tion.  The  deposition  rate  for  Fe3Al  or  Fe3(Al,Si) 
was  0.5  A/s.  The  compositions  and  thickness  of 
the  Fe3(Al,Si)  films  are  also  measured  by  Ruther¬ 
ford  backscattering  spectrometry  (RBS).  The  re¬ 
sults  were  then  fed  back  to  the  rate  calibration. 
In-situ  reflection  high  energy  electron  diffraction 
(RHEED)  was  used  to  study  both  the  III-V  and 
the  FcjfAl.Si)  growth. 

High  resolution  X-ray  diffraction  was  used  for 
structural  characterizations  of  the  Fe3{Al,Si)  films. 
These  measurements  were  made  on  a  12  kW  rotat¬ 
ing  anode  source  equipped  with  a  triple-crystal 
four-circle  diffractometer.  A  pair  of  flat  Ge(lll) 
crystals  used  as  monochromator  and  analyzer  has 
provided  a  longitudinal  resolution  of  10“'*  A"'  at 
Cu  Ka  radiation.  The  triple-crystal  four-axes 
geometry  allows  for  scans  to  be  made  in  any 
direction  in  reciprocal  space,  and  in  particular,  is 
capable  of  separating  (j>  from  16.  thereby  reveal¬ 
ing  the  true  mosaic  of  the  samples.  RBS/channel- 
ing  analysis  was  performed  using  a  1.8  MeV  ‘'He^ 
beam  with  detection  at  both  normal  and  grazing 
exit  angle. 


3.  Results  and  discussion 

Fe3(Al,  Si)  has  a  DOjfBiFcj)  structure,  in  which 
Al  and  Si  share  the  same  lattice  site  and  are  100^ 
fully  miscible  with  each  other  on  that  site.  There¬ 
fore,  the  lattice  constants  vary  continuously  from 
5.64  A  (Fe3Si)  to  5.74  A  (FcjAl).  Among  them, 
Fe3(Alo)3Sio87)  has  a  0%  lattice  mismatch  with 
GaAsflOO).  Interestingly,  the  Fe-Al-Si  with  a 
composition  close  to  Fe2,5(Alo3(,Si„fc,).  called 
Sendust,  has  unusually  high  magnetic  permeabili¬ 
ties  [7]. 

Let  us  first  examine  the  results  of  Fe3Al.  Fe 
and  Al  were  co-evaporated  onto  the  GaAs.  A 
sequence  of  RHEED  patterns  taken  during  the 
MBE  growth  of  FejAl  on  the  As-stabilized 
GaAs(lOO)  surface  along  (011)  and  [001]  directions 
are  shown  in  fig.  1.  For  one  monolayer  (ML) 
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growth  of  Fe,  Al,  we  have  observed  elongated  sharp 
streaky  RHEED  pattern  as  shown  in  figs,  lb  and 
le.  This  indicates  an  atomically  smooth  Fe,Al 
surface  after  the  growth  of  only  1  ML.  The 
RHEED  patterns  continue  to  sharpen  further 
when  the  Fe,Al  films  growth  thicker.  For  an  Fe,Al 
film  12  ML  thick,  the  presence  of  Kikuchi  arcs  is 
an  indication  of  a  well-ordered  single  crystal  film 
surface. 

The  epitaxial  orientational  relationship  between 
Fe,Al  and  GaAs  was  determined  by  RHEED  and 
later  confirmed  by  X-ray  diffraction;  The  [Oil) 
direction  of  Fe,Al  is  parallel  with  (0111  of  GaAs. 
and  the  film  orientation  (100)  of  Fe,AI  is  aligned 
with  the  substrate  orientation  (100)  of  GaAs.  The 
same  orientational  relationship  also  occurred  in 
Fe,Al  or  Fe,(Al,Si)  on  GaAs,  AlAs,  or  InGaAs. 
Judging  from  the  close  lattice  constants  between 
Fe,Al  and  GaAs  and  the  thermodynamical  stabil¬ 
ity  of  Fe,Al  with  GaAs,  such  orientational  rela¬ 
tionship  is  indeed  consistent  with  our  expectation. 
Note  that  the  Fe,(Al.Si)  phase  extends  over  a 
finite  range  of  compositions  according  to  the  phase 
diagram.  Consequently,  even  for  film  composi¬ 
tions  which  deviate  from  the  ideal  3:1  of 
Fe;(AI,Si).  the  DO,  structure  could  still  form,  but 
with  a  slightly  different  lattice  constant.  In  that 
case,  site  exchanges  take  place,  e.g.  some  Al  or  Si 
would  occupy  the  lattice  sites  of  Fe  and  vice  versa. 

The  present  epitaxial  growth  is  seemingly  dif¬ 
ferent  from  a  previous  study  of  NiAl  on  AlAs  by 
Harbison  et  al.  {4|.  In  their  study,  the  co-deposi¬ 
tion  of  Ni  and  Al  was  preceded  by  the  deposition 
of  one  or  two  MLs  of  Ni.  Different  orientational 
relationships  were  obtained  unless  the  Ni  was  first 
deposited.  Their  explanation  was  that  an  initial 
reaction  occurs  between  the  Ni  and  the  underlying 
AlAs  to  form  an  epitaxial  Ni ,  AlAs  template  layer. 
In  the  case  of  Fe,(Al.Si)  (including  Fe,Al  and 
Fe,Si).  no  such  intermediate  template  layer  is 
needed.  Note  that  the  lattice  constant  of  Fe,(  Al.Si) 
is  close  to  that  of  GaAs,  while  the  lattice  constant 
of  NiAl  is  roughly  half  of  that  of  GaAs. 

High-resolution  X-ray  diffraction  measure¬ 
ments  on  the  Fe,  Al  films  gave  a  rocking  curve  full 
width  half  maximum  (FWHM)  of  1.2°  for  a  film 
150  A  thick  and  0.7°  for  another  film  300  A  thick. 
These  rocking  curve  values  are  quite  large  com¬ 


pared  with  0.004°  for  the  GaAs  buffer  layer. 
Longitudinal  scans  along  the  colinear  direction 
with  GaAs(400)  peak  indicted  a  significant  te¬ 
tragonal  distortion  of  the  films  from  their  cubic 
lattice  due  to  a  1.5%  lattice  mismatch  between 
Fe,Al  and  GaAs.  A  planar  lattice  contraction  on 
the  films  by  this  1.5%  lattice  mismatch  causes  the 
unit  cell  to  expand  by  0.14  A  for  the  300  A  film 
and  by  0.19  A  for  the  150  A  film  along  the 
perpendicular  direction  to  the  interface. 

The  width  extracted  from  the  same  longitudinal 
scans  revealed  that  the  size  of  the  coherent  grains 
is  140  A  for  the  film  300  A  thick  and  that  reduces 
to  105  A  for  the  film  150  A  thick.  In  both  cases, 
the  coherent  grains  are  less  than  the  film  thick¬ 
ness.  This  may  be  due  to  a  strain-relaxed  film 
and/or  some  rough  but  crystalline  Fe,Al  at  the 
top.  The  possibility  of  forming  rough  or  defective 
materials  at  the  top  could  be  caused  by  the  high 
reactiveness  of  Fe  and  Al  with  the  room  air.  Large 
values  of  rocking  curves  are  also  consistent  with  a 
picture  of  partially  strain-relieved  film. 

We  have  also  grown  Fe,( Al.Si)  and  Fe,Si  films 
on  GaAs.  Their  RHEED  patterns  show  the  same 
comparably  good  quality  as  those  in  fig.  1.  The 
rocking  curve  (FWHM)  of  a  nominal  Fe,.,(Al,|4 
Si,,,)  1000  A  thick  was  measured  to  be  as  low  as 
0.03°.  More  work  is  underway  to  study  the 
Fe, (Al.Si)  on  GaAs  in  terms  of  their  interfacial 
structures,  the  crystal  quality  as  a  function  of  film 
thickne.ss.  etc. 

RBS  spectra  of  the  Fe,AI  film  150  A  thick  were 
fit  using  a  theoretical  simulation  (8).  and  the  anal- 
y.sis  indicates  a  stoichiometric  Fe,Al  film  grown  to 
an  average  thickness  of  150  A.  Grazing  exit  angle 
spectra  revealed  roughness  in  the  film,  estimated 
to  be  on  the  order  of  60  A.  Channeling  analysis 
was  performed  at  normal  exit  angle,  and  the  Xmy, 
for  the  Fe  was  found  to  be  40%.  For  this  150  A 
film,  taking  the  entire  Fe  intensity  ratio  (including 
the  surface  peak),  we  estimate  the  ideal  Xmm 
11%.  The  observed  increase  in  Xmm  could  be  ex¬ 
plained  by  a  rough  but  crystalline  Fe,Al  layer  or 
by  defective  crystal  material.  This  again  is  con- 
.sistent  with  the  observation  in  the  high-resolution 
X-ray  diffraction  measurements.  Studies  on  the 
methods  of  protecting  Fe  and  Al  from  reacting 
with  the  room  atmosphere  and  pre.serving  the 
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crystallinity  of  FcjfAl.Si)  films  are  now  in  pro¬ 
gress. 

4.  Conclusion 

In  this  work,  high  quality  single  crystal  films  of 
Fe,(Al,Si),  a  BiFj  structure,  have  been  epitaxially 
grown  on  GaAs(lOO).  We  have  also  shown  by 
in-situ  RHEED  that  an  atomically  smooth  growth 
of  1  ML  Fe^fAl.Si)  or  Fe,Al  has  been  achieved. 
The  growth  has  been  carried  out  in  a  multi-cham¬ 
ber  MBE  system,  in  which  the  metals  were  grown 
in  an  As-free  ultra-high  vacuum  environment.  Fu¬ 
ture  studies  include  a  fine  tuning  in  the  composi¬ 
tions  of  Fe,  Al,  and  Si  to  achieve  a  perfect  lattice 
match  between  Fe,(Al,Si)  and  GaAs,  and  an  over¬ 
growth  of  GaAs  on  Fe,(Al,Si)  for  fabricating 


semiconductor/metal/semiconductor  heterostruc¬ 
tures. 
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Overgrowth  and  strain  in  MBE-grown  GaAs/ErAs/GaAs  structures 
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The  molecular-heam  epitaxial  overgrowth  of  GaAs  on  single  ErAs  layers  of  varying  thickness  is  -iudicd,  ai  well  as  the  growth  of. 
and  strain  accommodation  in,  ErAs/GaAs  multilayer  films  on  GaAs  substrates.  Resonant  Raman  scattering  and  Rutherford 
backscattering  are  used  to  characterize  the  crystal  quality  of  overgrown  GaAs  layers,  while  Fourier-transform  infrared  absorption 
spectra  of  the  crystal-field-split  Er'*  intra  4f-shell  transitions,  at  1.54  jim.  are  exploited  as  a  novel  probe  of  strain  accommodation  in 
the  ErAs  layers.  Overgrowth  of  GaAs  of  good  crystal  quality  on  ErAs.  as  well  as  growth  of  ErAs/GaAs  multilayer  structures,  are 
both  demonstrated,  but  only  for  ErAs  layers  less  than  about  5  monolayers  in  thickness.  Such  thin  ErAs  layers  are  found  to  be 
letragonaJly  distorted  due  to  elastic  strain  accommodation.  Single  buried  ErAs  films  are  found  to  be  electrically  continuous  down  to  a 
thickness  of  5  monolayers. 


1.  Introduction 

The  unique  properties  of  metallic  quantum  wells 

[1] ,  including  low  sheet  resistance,  ease  of  contac- 
tability,  and  large  subband  spacing  relative  to  kT, 
offer  the  potential  for  novel  quantum  effect  de- 
vices.  A  particularly  promising  example  is  found 
in  the  recent  demonstration  of  resonant  tunneling 
through  metallic  NiAl  quantum  wells  buried  in 
GaAs/AlAs  heterostructures  [1].  The  successful 
epitaxial  growth  of  a  number  of  semimetallic 
rare-earth/ Group  V  compounds  on  Ill-V  semi¬ 
conductors  has  made  available  another  new  class 
of  compounds  for  the  fabrication  of  epitaxial 
metal/ semiconductor  heterostructures.  Using  mo¬ 
lecular-beam  epitaxy  (MBE)  and  gas-source  MBE 
(GSMBE),  various  research  groups  have  to  date 
demonstrated  the  deposition  on  GaAs  of  YbAs 

[2] ,  ErAs  [3-5],  LuAs  [4],  ScAs  [6],  ErP  [7],  and  the 
lattice-matched  ternaries  Scd.32F>'a.6«'^s  [^1 
ErPo6Aso4  [7].  Erbium  phosphide,  ErSb,  and  the 


lattice-matched  ternary  ErPosSbu  5  have  also  been 
successfully  deposited  by  GSMBE  on  InP  [8].  The 
above  rare-earth  (RE)  compounds  all  share  a  NaCl 
crystal  structure,  demonstrate  good  single-crystal 
epitaxial  growth  on  their  respective  Ill-V  hosts, 
and  display  metallic  conductivities.  However,  a 
potentially  serious  limitation  in  applications  re¬ 
quiring  buried  metallic  layers  is  poor  subsequent 
overgrowth  of  Ill-V  semiconductors  on  top  of  the 
metallic  RE  compounds  [3-5].  This  behaviour  ap¬ 
pears  to  be  due  to  the  poorly  understood  interface 
chemistry  involved  in  the  transition  between  a 
NaCl  structure  primarily  ionic  in  bonding  and  a 
primarily  covalently-bonded  zincblende  structure. 
No  improvement  has  been  observed  in  the  case  of 
overgrowth  on  the  lattice-matched  ternary  RE 
compounds. 

In  the  present  work  the  MBE  overgrowth  of 
GaAs  on  single  ErAs  layers  of  varying  thickness  is 
studied,  as  well  as  the  growth  of.  and  strain 
accommodation  in,  ErAs/GaAs  multilayer  films 
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on  GaAs  substrates.  ErAs  has  a  1.6%  lattice  mis¬ 
match  with  respect  to  GaAs.  Resonant  Raman 
scattering  and  Rutherford  backscatiering  aic  used 
to  characterize  the  crystal  quality  of  overgrown 
GaAs  layers,  while  Fourier-transform  infra-red 
(FTIR)  absorption  is  utilized  as  a  novel  probe  of 
strain  accommodation  in  the  ErAs  layers. 


2.  Experimental  procedures 

2. 1 .  Sample  preparation 

Samples  were  grown  in  a  Riber  2300  MBE 
machine  on  undoped,  semi-insulating  (100)  GaAs 
substrates  using  indium-free  substrate  mounts. 
Growth  rates  and  beam  flux  ratios  are  similar  to 
those  reported  in  ref.  [5].  Growth  rates  were  de¬ 
termined  both  from  the  measurement  of  (weak) 
RHEED  intensity  oscillations  and  from  SEM 
thickness  measurements  on  500-800  nm  thick 
single  ErAs  films.  Two  sets  of  samples  are  studied 
in  the  present  paper.  In  all  cases,  undoped  GaAs 
buffer  layers  200-300  nm  in  thickness  were  first 
deposited  at  a  substrate  temperature  of  580- 
600  °  C.  For  the  first  set  of  seven  samples,  a  super¬ 
lattice  buffer  (100  periods  of  12  nm  Aly  3Gao7As/ 
8  nm  GaAs)  was  then  grown  at  680  °C,  followed 
by  an  additional  1(K)  nm  of  GaAs  grown  at  580  °C. 
Growth  was  then  interrupted  for  120  s  to  adjust 
the  substrate  temperature  to  450  °C  for  the  de¬ 
position  of  a  single  ErAs  layer.  Layer  thicknesses 
were  1,  2,  5,  7,  20,  40,  and  60  monolayers  (ML). 
Undoped  GaAs  cap  layers  50  nm  in  thickness 
were  then  grown  with  no  change  in  substrate 
temperature  and  without  any  additional  growth 
stop.  For  the  second  set  of  6  samples,  no  super¬ 
lattice  buffer  was  grown.  Upon  completion  of  the 
GaAs  buffer,  growth  was  interrupted  for  60  s  and 
the  substrate  temperature  decreased  to  540- 
550  °C.  An  ErAs/GaAs  multilayer  structure  was 
then  deposited,  consisting  of  6  nm  GaAs  layers 
alternating  with  ErAs  layers  from  1  to  6  mono- 
layers  in  thickness.  The  total  ErAs  thickness  was 
kept  constant  by  varying  the  number  of  periods 
from  600  to  100,  respectively.  Undoped  GaAs 
capping  layers  40  nm  in  thickness  were  then  de¬ 


posited,  again  with  no  change  in  substrate  temper¬ 
ature  and  without  any  additional  growth  stop. 

2.2.  Sample  characterization 

Resonant  Raman  scattering  by  longitudinal 
optical  (LO)  phonons  has  been  shown  to  be  a 
sensitive  probe  for  the  crystalline  perfection  of 
GaAs  (9).  This  technique  is  used  in  the  present 
investigations  to  study  the  crystalline  quality  of 
GaAs  overgrown  both  on  single  ErAs  layers  and 
on  ErAs/GaAs  multilayer  structures.  Spectra  were 
excited  with  a  Kr*  laser  at  a  photon  energy  of 
3.00  eV.  in  resonance  with  the  E,  bandgap  of 
GaAs  [9).  The  probing  depth  for  this  excitation 
energy  is  roughly  8  nm.  which  is  much  less  than 
the  40  or  50  nm  thickness  of  the  GaAs  cap  layers. 
Hence,  only  the  cap  layer  is  probed,  both  for 
samples  containing  single  ErAs  layers  and  for 
those  containing  ErAs/GaAs  multilayer  struc¬ 
tures. 

RBS  axial  channeling  measurements  have  pre¬ 
viously  been  used  to  directly  assess  crystal  quality 
and  strain  accommodation  in  MBE-grown  ErAs/ 
GaAs  heterostructures  [5.10].  RBS  measurements 
in  the  present  work  utilized  a  7  MV  Van  de  Graaff 
accelerator  and  a  detector  with  an  energy  resolu¬ 
tion  of  18  keV  at  a  scattering  angle  of  165°. 

It  has  recently  been  demonstrated  that  the 
crystal-field  splittings  observed  in  FTIR  absorp¬ 
tion  spectra  of  ErAs/GaAs  multilayer  structures 
allow  one  to  distinguish  between  samples  in  which 
the  lattice  mismatch  is  elastically  accommodated, 
via  tetragonal  distortion  of  the  ErAs  layers,  or 
inelastically  relieved  [lOj.  This  technique  has  also 
been  utilized  in  the  present  work  to  characterize 
strain  accommodation  in  the  ErAs/GaAs  multi¬ 
layer  samples.  FTIR  absorption  measurements 
were  made  using  a  Bomem  DA-3  spectrometer. 
Spectra  were  typically  recorded  using  a  resolution 
of  1  cm”'. 

Electrical  characterization  of  buried  single  ErAs 
layers  was  carried  out  using  Hall  measurements. 
Cross-shaped  Hall  patterns  were  fabricated  using 
optical  lithography  and  wet  chemical  etching. 
Electrical  contacts  to  the  ErAs  layer  were  formed 
by  alloying  Sn  through  the  GaAs  capping  layer. 
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3.  Results  and  discussion 

3.1.  Single  ErAs  layers 

Fig.  1  shows  room-temperature  Raman  spectra 
from  50  nm  thick  GaAs  cap  layers  grown  on  top 
of  single  trAs  layers  with  thickness  between  1  and 
20  monolayers.  TTie  spectra  were  recorded  in 
backscattering  geometry  from  the  (100)  surface 
with  the  polarization  of  both  the  incident  and 
scattered  light  parallel  to  the  same  (100)  direction 
[.x(;;).r].  For  this  configuration,  Frohlich-induced 
intrinsic  2LO  phonon  scattering  is  allowed,  and 
dipole-forbidden  but  defect-induced  ILO  phonon 
scattering  can  also  be  observed  (9).  Deformation 
potential  ILO  phonon  scattering  is,  on  the  other 
hand,  suppressed.  For  GaAs  grown  on  top  of  1 
and  2  monolayers  of  ErAs.  the  Raman  spectra  are 
very  similar  to  those  of  pure  GaAs,  with  the 
strength  of  the  2LO  phonon  line  exceeding  that  of 
the  defect-induced  ILO  peak.  For  GaAs  layers 
overgrown  on  5  ML  and  thicker  ErAs  layers,  the 
2LO/1LO  intensity  ratio  decreases  rapidly,  indi¬ 
cating  a  substantial  increase  in  the  defect  con- 


Fig.  I.  Room-temperature  Raman  spectra  from  SO  nm  thick 
GaAs  layers  overgrown  on  single  ErAs  films  ranging  in  thick¬ 
ness  from  1  to  20  monolayers. 


Fig.  2.  Aligned  [100]  Rutherford  backscattering  spectra  from 
the  same  five  samples  as  in  fig.  1 .  The  plotted  channels  include 
only  backscattering  from  Ga  and  As.  The  spectra  correspond¬ 
ing  to  ErAs  layer  thicknesses  of  7  and  20  monolayers  overlap 
almost  completely. 

centration  in  the  overgrown  GaAs  layers.  Along 
with  degradation  of  the  2LO/1LO  intensity  ratio, 
scattering  by  transverse  optical  (TO)  phonons, 
which  is  forbidden  in  backscattering  from  a  per¬ 
fect  (100)  surface,  increases  to  an  intensity  com¬ 
parable  to  that  of  the  defect-induced  ILO  line. 
This  behaviour  is  indicative  of  considerable 
roughening  of  the  sample  surface. 

Fig.  2  shows  aligned  [100]  RBS  spectra  from 
the  same  five  samples  as  in  fig.  1.  The  plotted 
channels  correspond  only  to  backscattering  from 
Ga  and  As.  The  much  weaker  backscattering  from 
Er  in  the  single  ErAs  layers  is  centered  roughly  at 
channel  950,  and  is  not  included  in  fig.  2.  The  low 
backscattering  yields  from  the  first  two  samples 
indicate  good  GaAs  crystal  quality.  Some  de¬ 
gradation  is  already  observed  in  the  GaAs  cap 
layer  overgrown  on  5  ML  ErAs,  while  the  back- 
scattering  yields  from  the  samples  containing  7 
and  20  ML  ErAs  indicate  polycrystalline  or 
amorphous  GaAs  overgrowth.  Random  RBS  spec¬ 
tra  (not  shown)  were  also  recorded.  The  following 
GaAs  minimum  channeling  yields  (Xmm) 
calculated  by  taking  the  ratio  of  the  integrated 
yields  in  the  aligned  and  random  spectra  between 
channels  780  and  800:  1  ML,  6.2%;  2  ML,  7.3%;  5 
ML,  12.1%;  7  ML,  34.7%;  20  ML,  31.4%.  The 
RBS  results  are  in  good  agreement  with  the  Ra¬ 
man  scattering  results  shown  in  fig.  1,  at  least  for 
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the  extreme  cases  of  very  good  GaAs  overgrowth 
(on  top  of  1  and  2  ML  ErAs)  and  very  poor  GaAs 
overgrowth  (on  top  of  7  ML  or  thicker  ErAs).  The 
Raman  spectra,  however,  do  not  so  clearly  demon¬ 
strate  the  “intermediate”  behaviour  observed  in 
the  RBS  spectra  for  GaAs  overgrown  on  5  ML 
ErAs.This  difference  may  simply  reflect  the  differ¬ 
ent  samples  areas  ( ~  1  mm  spot  diameter  for  RBS 
versus  50  fim  spot  diameter  for  Raman)  and  sam¬ 
ple  depths  (several  hundred  nm  for  RBS  versus 
roughly  8  nm  for  Raman)  probed  by  the  two 
techniques.  The  Raman  spectra  will  thus  be  more 
sensitive  to  any  spatial  inhomogeneity  in  defect 
density  or  surface  roughness. 

Degraded  overgrowth  of  GaAs  on  top  of  ErAs 
films  has  previously  been  reported  [3-5]  and  at¬ 
tributed  to  poor  GaAs  wetting  of  the  ErAs  surface, 
giving  rise  to  rough,  island-like  GaAs  growth. 
Recent  high-resolution  transmission  electron  mi¬ 
croscopy  investigations  [11]  have  revealed  local¬ 
ized  growth  of  (111)  GaAs  on  (100)  ErAs.  leading 
to  extensive  twinning  of  the  overgrown  GaAs. 
Tentative  explanations  for  this  behaviour  were 
oxidation  of.  or  impurity  adsorption  on.  the  rela¬ 
tively  reactive  ErAs  surface,  as  well  as  poor  GaAs 
wetting  of  the  underlying  ErAs.  Palmslrom  and 
coworkers  [12]  have  very  recently  reported  that, 
for  substrate  temperatures  between  350  and  400  °  C 
during  growth,  one-  and  two-monolayer-thick 
ErAs  films  grown  on  GaAs  are  sufficiently 
pinholed  to  allowing  seeding-enhanced  GaAs 
overgrowth.  In  contrast,  3-monolayer-thick  ErAs 
layers  were  observed  to  be  continuous,  and  subse¬ 
quent  GaAs  overgrowth  degraded.  The  present 
results,  indicating  degraded  GaAs  overgrowth  on 
ErAs  layers  thicker  than  roughly  5  ML,  may  re¬ 
flect  the  persistence  of  a  pinholed  morphology  for 
ErAs  layer  thicknesses  up  to  4  or  5  ML,  simply 
due  to  the  higher  substrate  temperatures  (450  °C) 
used  during  growth. 

Electrical  characterization  offers  further  sup¬ 
port  for  the  above  interpretation  of  the  over¬ 
growth  results.  The  single  buried  ErAs  films  were 
found  to  be  electrically  continuous  down  to  a 
thickness  of  5  monolayers  (~  1.4  nm).  The  four 
thickest  ErAs  films  (7,  20.  40.  and  60  ML)  demon¬ 
strated  metallic  resistivities  ranging  between  114 
and  200  nQ  cm.  These  values  are  somewhat  larger 


than  those  previously  measured  for  single  ErAs 
films  150  nm  in  thickness  [5],  which  were  con¬ 
sistently  on  the  order  of  60-70  nQ  cm  for  a 
relatively  large  range  of  MBE  growth  tempera¬ 
tures.  The  5  ML  ErAs  film  showed  an  increase  in 
resistivity  to  680  /xl2  cm,  while  the  samples  con¬ 
taining  1  and  2  ML  thick  ErAs  layers  were  mea¬ 
sured  to  be  highly  resistive.  Electrically  continu¬ 
ous  MBE-grown  ErAs  layers  as  thin  as  3  ML, 
buried  in  GaAs.  have  recently  been  reported  [11], 
but  again  using  growth  temperatures  of  350- 
400  °  C.  Further  investigations  are  required  to  bet¬ 
ter  understand  the  role  of  layer  and  interface 
morphology,  as  well  as  quantum  size  effects,  in 
determining  the  electrical  behaviour  of  such  ex¬ 
tremely  thin  metallic  films. 

3.2.  ErA.'i  /  GaA.f  multilayer  sample.s 

Raman  spectra  (not  shown)  from  GaAs  cap 
layers  grown  on  top  of  the  ErAs/GaAs  multilayer 
structures  demonstrate  behaviour  very  similar  to 
those  in  fig.  1.  Degradation  of  the  2LO/1LO 
intensity  ratio,  as  well  as  an  increase  in  the  inten¬ 
sity  of  forbidden  TO  scattering,  are  both  observed 
as  the  thickness  of  the  individual  ErAs  layers 
exceeds  2  ML.  Both  of  the  above  effects,  however, 
indicate  an  abrupt  deterioration  at  an  ErAs  thick¬ 
ness  of  6  ML.  RBS  spectra,  presented  in  figs.  3 
and  4.  support  this  observation.  Fig.  3  shows 
random  and  aligned  backscattering,  for  both  [100] 
and  [110]  channeling  directions,  from  a  120-period 
multilayer  structure  containing  5  ML  ErAs  layers. 
Fig.  4  shows  similar  spectra  from  a  100-period 
structure  containing  6  ML  ErAs  layers.  Due  to  the 
large  total  epitaxial  layer  thicknesses,  backscatter¬ 
ing  due  to  Er  is  not  separately  resolved  from  the 
background  due  to  Ga  and  As.  Also,  the  depth 
resolution  in  the  above  measurements  ( -  20  nm) 
is  insufficient  to  resolve  individual  layers  in  the 
ErAs/GaAs  multilayer  structures.  Comparing  the 
aligned  [100]  spectra  in  figs.  3  and  4,  it  is  apparent 
that  an  abrupt  increase  in  dechanneling  occurs  at 
the  leading  edge  of  the  GaAs  backscattering  pro¬ 
file  ( -  channel  850)  as  the  ErAs  layer  thickness 
increases  from  5  to  6  monolayers.  This  behaviour 
indicates  an  abrupt  degradation  in  the  crystallinity 
of  the  GaAs  cap  layer.  In  addition,  an  abrupt 
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increase  in  dechanneling  also  occurs  at  the  leading 
edge  of  the  Er  backscattering  profile  ( -  channel 
950),  indicating  accumulated  degradation  due  to 
poor  overgrowth  within  the  multilayer  structure 
itself.  The  peak  observed  between  channels  800 
and  850  in  the  [110]  spectra  in  figs.  3  and  4  is  due 
to  enhanced  overlap  between  backscattering  from 
Er  (at  the  bottom  of  the  multilayer  structure)  and 
Ga  and  As  (at  the  surface  of  the  cap  layer)  arising 
from  the  larger  effective  multilayer  thickness  at 
[110]  incidence.  The  following  values  for  Xmm 
were  calculated  for  the  first  15  channels  in  the 
[100]  Er  backscattering  profiles,  corresponding  to 
a  depth  of  about  80  nm  or  roughly  the  upper  most 
13  periods  of  the  multilayer  structures;  600  peri¬ 
ods/ 1  ML  ErAs,  4  %\  300  periods/2  ML  ErAs. 
13?;  200  periods/3  ML  ErAs,  6?;  150  periods/4 
ML  ErAs.  8?;  120  periods/5  ML  ErAs,  8.3%;  100 


Fig.  3.  Random  and  aligned  Rutherford  backscattering  |I00J 
and  (110)  axial  channeling  spectra  of  a  120  period  ErAs/GaAs 
multilayer  structure  (5  monolayers  ErAs/6  nm  OaAs).  capped 
with  40  nm  GaAs. 


Fig.  4  Random  and  aligned  Rutherford  backscattering  [100] 
and  [llOj  axial  channeling  spectra  of  a  100  periixl  ErAs/GaAs 
multilayer  structure  (6  monolayers  ErAs/b  nm  GaAs).  capped 
with  40  nm  GaAs. 


periods/6  ML  ErAs.  42?.  These  values  clearly 
demonstrate  relatively  good  multilayer  crystal  qu¬ 
ality  for  ErAs  layers  up  to  5  ML  in  thickne.ss.  and 
the  abrupt  degradation  for  6  ML  ErAs. 

Strain  relaxation  in  the  above  multilayer  sam¬ 
ples  has  been  investigated  via  FTIR  absorption. 
Fig.  5  presents  FTIR  absorption  from  all  six  sam¬ 
ples,  recorded  at  300  K,  along  with  that  of  a  single 
strain-relieved  830  nm  ErAs  film  grown  on  GaAs 
by  MBE.  Sharp  intra  4f-.shell  transitions,  centered 
at  1.54  jam  (6500  cm  '),  are  clearly  resolved  in  all 
cases,  corresponding  to  absorption  between  the 
crystal-field-split  '*1,5/2  ground  state  and  ‘*1,3.2 
first  excited  state  of  Er^^  (4f")  ions  in  ErAs  [5]. 
The  absorption  spectra  of  all  six  multilayer  sam¬ 
ples  show  pronounced  changes  in  the  energies, 
linewidths,  and  relative  intensities  of  the  crystal- 
field-split  lines,  with  respect  to  those  of  the 
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Fig.  5,  Room-iemperature  FTIR  absorption  spectra  of 
FrA.s/GaA.s  multilayer  structures  containing  1-6  monotayer- 
ihick  ErA.s  layers  alternating  with  6  nm  GaAs  layers.  Also 
plotted  is  the  corresponding  absorption  spectra  of  a  single  830 
nm  thick  ErAs  film  grown  on  OaA.s. 


strain-relieved  sample.  In  particular,  the  line  origi¬ 
nally  observed  at  6478  cm“‘  shifts  to  higher  en¬ 
ergy,  while  the  6554  cm''  line  shifts  to  lower 
energy,  and  the  6506  cm  ' '  line  decreases  in  inten¬ 
sity  and  eventually  vanishes.  Such  behaviour  has 
previously  been  observed  in  similar  ErAs/GaAs 
multilayer  structures  in  which  the  ErAs  layers 
were  coherently  strained  [10],  In  contrast,  FTIR 
absorption  spectra  from  multilayer  samples  con¬ 
taining  thicker,  strain-relieved  ErAs  layers  are  es¬ 
sentially  identical  to  those  of  single,  thick,  strain- 
relieved  ErAs  films  (10],  Variations  in  the  energies 
and  relative  intensities  of  the  crystal-field-split 
spectral  lines  among  the  various  multilayer  sam¬ 
ples  in  fig.  5  may  indicate  an  inhomogeneous 
strain  distribution  resulting  from  the  degraded 
overgrowth. 


The  det  iled  layer  and  interface  morphology  of 
the  above  multilayer  samples  has  not  yet  been 
investigated.  The  fact  that  substantially  higher 
growth  temperatures  (540-550  °C)  were  found  to 
be  required  than  in  the  case  of  overgrowth  on 
single  ErAs  layers  may  further  hint  at  the  role 
played  by  pinhole-induced  seeding  of  GaAs  over¬ 
growth  on  ErAs. 


4.  Conclusions 

The  Raman  scattering  and  RBS  results  pre¬ 
sented  above  indicate  that,  at  least  for  the  MBE 
growth  parameters  used  here,  GaAs  can  be  suc¬ 
cessfully  overgrown  only  on  ErAs  layers  less  than 
about  5  ML  in  thickness,  beyond  which  the  crystal 
quality  of  the  overgrown  GaAs  rapidly  degrades. 
Correspondingly,  it  is  found  that  ErAs/GaAs 
multilayer  samples  containing  several  hundred 
periods  and  demonstrating  good  crystal  quality 
can  also  be  grown,  but  only  when  the  thickness  of 
the  individual  ErAs  layers  is  5  ML  or  less.  FTIR 
absorption  results  indicate  that  such  thin  ErAs 
layers  remain  tetragonally  distorted  due  to  elastic 
accomodation  of  the  lattice-mismatch-induced 
strain.  Although  single  buried  ErAs  films  are  found 
to  be  electrically  continuous  down  to  a  thickness 
of  5  ML.  the  severely  degraded  subsequent  over¬ 
growth  presents  a  serious  obstacle  for  such  appli¬ 
cations  as  tunneling  devices,  where  high  quality 
epitaxial  semiconductor  layers  are  required  both 
above  and  below  metallic  quantum  wells.  How¬ 
ever,  much  work  remains  to  be  done  in  exploring  a 
wider  range  of  growth  parameters  and  substrate 
orientations,  as  well  as  various  other  lattice- 
matched  or  lattice-mismatched  rare-earth/ Group 
V  compounds  on  III-V  semiconductors. 


Acknowledgenients 

The  technical  assistance  of  G.  Bihlmann,  H. 
Hoffmann,  and  B.  Matthes  is  gratefully  acknowl¬ 
edged.  The  authors  also  wish  to  thank  Professor  P. 
Koidl,  Professor  R.  Brenn,  and  Dr.  H.  Ennen  for 
their  continuing  support  and  encouragement. 


J.D.  Ralston  el  al  /  Overgrowth  and  strain  in  MBE-grown  GaA  s  /  ErAs  /  GoAs  structures 


995 


References 

[1]  J.P.  Harbison,  T.  Sands,  R.  Ramesh.  N.  Tabatabaie.  H.L. 
Gilchrist.  L.T.  Florez  and  V.G.  Kerainidas.  J.  Vacuum 
Sci.  Technol.  B8  (1990)  242.  and  references  therein. 

[2]  H.J.  Richter.  R.S.  Smith,  N,  Herres,  M.  Seelmann-Eg- 
gebert  and  P.  Wennekers,  Appl.  Phys.  Letters  53  (1988) 
99, 

[3]  C.J.  Palmstrom,  N.  Tabatabaie  and  S.J.  Allen,  Jr..  Appl. 
Phys,  Letters  53  (1988)  2608. 

|4]  C.J.  Palmstrom,  K.C.  Garri.son,  S.  Mounier,  T.  Sands. 
C.L.  Schwarz,  N.  Tabatabaie,  S.J.  Allen,  Jr.,  H.L.  Gilch¬ 
rist  and  P.F.  Miceli,  J.  Vacuum  Sci.  Technol.  B7  (1989) 
747. 

[5|  J.D.  Ralston,  H.  Ennen.  P.  Wennekers.  P.  Hiesinger.  N. 
Herres.  J.  Schneider,  H.D.  Muller,  W.  Rothemund,  F. 
Fuchs.  J,  Schmalzlin  a. id  K.  Thonke,  J.  Electron.  Mater. 
19  (1990)  555. 


(6J  C.J.  Palmstrom.  S.  Mounier.  T.G.  Finstad  and  P.F.  Miceli, 
Appl.  Phys.  Letters  56  (1990)  382. 

(7)  A.  Le  Corre.  J.  Caulet  and  A.  Guivarc’h,  Appl.  Phys. 
Letters  55  (1989)  2298. 

(8)  A.  Guivarc'h.  J.  Caulet  ai.d  A.  Le  Corre,  Electron.  Letters 
25  (1989)  1050. 

(9)  J.  Wagner,  Appl.  Phys.  Letters  52  (1988)  1158.  and  refer¬ 
ences  therein. 

[10]  J.D.  Ralston.  F.  Fuchs,  J.  Schneider  and  J.  Schmalzlin.  J. 
Appl.  Phys.  68  (1990)  2176. 

[11]  J.G.  Zhu.  Clive  B.  Carter.  C.J.  Palmstrom  and  S.  Mounier, 
Appl.  Phys.  Letters  56  (1990)  1323. 

[12]  C.J.  Palmstrom,  T.L.  Cheeks,  R.E.  Nahory,  B.J.  Wilkens, 
J.A.  Martinez.  P.F.  Miceli  and  V.G.  Keramidas,  Paper 
Nl.  1990  Electronics  Materials  Conf,,  University  of  Cali¬ 
fornia.  Santa  Barbara.  CA,  June  1990.  paper  Nl, 


996 


Journal  of  Crystal  Growth  1 1 1  (1991 )  996-l(X)2 
North-Holland 


RHEED  studies  of  epitaxial  growth  of  CoGa  on  GaAs 
by  MBE  -  determination  of  epitaxial  phases  and  orientations 
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hpilaxial  growth  of  single  crystal  C'oCia  is  investigated  in-situ  using  reflection  high  energy  electron  diffraction  (RHEED).  The 
formation  of  different  phases  of  CoGa  (different  stoichiometric  compounds  and  epitaxial  orientations)  due  to  various  initial  growth 
conditions  has  been  probed  with  X-ray  diffraction  and  correlated  with  the  RHEED  patterns.  The  growth  of  ( 100)CoGa  or  (nO)CoGa 
is  found  strongly  dependent  on  the  termination  of  the  GaAs  surface,  with  either  Co  or  Ga,  before  the  epitaxial  deposition  of  CoGa. 
When  the  flux  ratio  is  deviated  from  the  proper  stoichiometric  range,  additional  Co-Ga-As  compounds  are  found  in  the  X-ray 
diffraction  measurement.  It  is  concluded  that  the  CoGa  phases  and  orientation.s  can  be  determined  by  pre-deposition  of  Co  or  Ga 
with  a  control  of  stoichiometry  in  the  proper  range.  The  high  quality  epitaxial  CoGa  has  potential  applications  in  thermodynamically 
stable  contacts,  and  more  importantly  for  fabrication  of  GaAs/mcial/GaAs  quantum  well  structures. 


1.  Introduction 

Thermodynamically  .stable  metal  contacts  on 
GaAs  are  very  important  for  both  Ohmic  and 
Schottky  contacts.  Since  only  W  and  Mo  in  the 
element  metal  form  do  not  react  with  GaAs.  inter- 
metallic  compounds  have  attracted  great  deal  of 
interest  in  the  past  few  years  [1).  These  inter- 
metallic  compounds,  such  as  CoGa  (2).  RhGa  [3). 
NiAl  [4].  and  NiGa  [5].  have  a  CsCl  structure  and 
the  lattice  constants  are  close  to  half  of  the  lattice 
constant  of  GaAs.  Thus,  epitaxial  deposition  of 
the.se  intermetallic  compounds  on  GaAs  is  plausi¬ 
ble. 

CoGa  has  certain  advantages  which  make  it  a 
gtK>d  candidate  for  metal  contact  on  GaAs.  First, 
there  exist  only  two  stable  pha.ses  of  Co/Ga  com¬ 
pounds.  which  are  CoGa  and  CoGa  ,  [6],  and  this 
makes  it  easier  to  control  the  growth  of  single 
phase  CoGa  on  GaAs.  Second,  the  stoichiometry 
of  Co,  ,Ga,  can  be  varied  from  31%  to  62%  (7), 
and  this  flexibility  of  stoichiometric  variation 
makes  the  flux  ratio  control  less  critical.  Furthcr- 
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more,  the  lattice  mismatch  of  different  stoichio¬ 
metric  CoGa's  with  GaAs  (half  of  the  lattice  con¬ 
stant).  varies  from  1.8%  to  0.5%  as  Ga  content  is 
adjusted  from  31%  to  61%  [8).  In  bulk  Co,  _,Ga,. 
electric  and  magnetic  properties  are  known  to 
depend  on  the  stoichiometry  [9-11].  However,  the 
properties  of  epitaxial  Co,  _  >Ga  ^  on  GaAs  are  still 
relatively  unknown.  Recent  studies  by  Baugh  et  al. 
[12]  have  shown  that  the  Ga  rich  condition  may  be 
thermodynamically  more  stable  than  the  Co  rich 
condition.  Palmstrom  et  al.  [2]  have  demonstrated 
the  growth  of  CoGa  on  GaAs  and  observed  the 
surface  reconstruction  using  reflection  high  energy 
electron  diffraction  (RHEED). 

In  this  paper,  we  demonstrate  the  control  of 
growth  of  single  phase  CoGa  on  GaAs  and  the 
epitaxial  orientation  in  molecular  beam  epitaxy 
(MBE).  by  controlling  the  initial  growth  condition 
with  in-situ  RHEED  diffraction. 


2.  Experimental 

The  substrate  used  in  this  study  was  undoped 
.semi-insulating  (lOOjGaAs.  The  wafer  was  first 
degreased,  etched  in  H,SO., ;  H^Oj :  HjO  =  8  : 1  : 1 
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at  20  °C  for  4  min,  and  then  indium-mounted  on 
a  molybdenum  holder.  The  epitaxial  growth  was 
carried  out  in  a  two  stage  MBE  chamber  with  a 
base  pressure  at  about  5  X  10' Torr.  Ga  and  As 
were  from  temperature  controlled  Knudsen  cells. 
Co  was  evaporated  from  a  electron  beam  evapora¬ 
tor.  and  the  flux  was  monitored  by  an  Inficon 
1C6000  crystal  monitor.  A  RHEED  system  was 
u.sed  for  in-situ  analysis  of  the  surface. 

The  sample  was  first  heated  up  to  600°C  with 
the  As4  shutter  open.  When  the  oxide  layer  was 
removed  at  about  600°C,  an  As(2  X  4)  RHEED 
pattern  was  observed,  and  then,  an  undoped  1000 
A  GaAs  buffer  layer  was  grown  to  smooth  the 
surface.  After  growth  of  a  buffer  layer,  the  sub¬ 
strate  was  cooled  down  with  the  Asj  shutter  re¬ 
mained  open  until  the  substrate  temperature 
dropped  down  to  below  400°C.  The  RHEED  pat¬ 
tern  changed  to  c(4  x  4)  when  the  temperature 
was  below  450°C.  This  condition  indicated  that 
the  ,>urface  was  now  covered  by  excess  As  [13).  In 
order  to  avoid  the  residual  .As  incorporation  in  the 
CoGa  growth,  the  growth  was  allowed  to  resume 
after  the  As  partial  pressure  was  pumped  down  to 
about  1  X  10  Torr.  and  this  prtKess  took  about 
2  3  h.  In  growth  of  CoGa.  the  Co  flux  u.sed  was 
about  0.3  A/s.  and  the  Ga  flux  was  equivalent  to 
a  GaAs  growth  rate  of  0.4  /rm/h.  The  growth  rate 
of  CoGa  under  this  condition  was  about  2000 
A/h  (calibrated  by  Rutherford  backscattering. 
RBS).  CoGa  film  of  .iOO  700  A  thickness  was 
grown  at  different  Co.  Ga  flux  ratios  and  at  dif¬ 
ferent  temperatures.  In  experiments,  CoGa  films 
have  been  grown  on  both  Ga  and  Co  terminated 
GaAs  surfaces  keeping  other  growth  conditions 
the  same  as  above.  The  growth  pressure  for  GaAs 
buffer  layers  was  about  5  x  10  ^  Torr,  and  about 
1  X  10  ^  Torr  for  CoGa.  X-ray  diffraction  was 
u.sed  for  identifying  the  different  phases  of  CoGa 
films  formed,  and  finally  the  correlation  of  the 
CoGa  pha.ses  with  the  initial  conditions  as  de¬ 
termined  by  RHEED  was  established. 


3.  Results 

Under  a  proper  stoichiometry  (Ga  ratio  be¬ 
tween  40T  and  60%).  a  single  phase  CoGa  can  be 


J. 


CoGc  ^  GcAs 
(200',! 


40 


Fig.  1.  X-ray  diffraclion  paliernN  of  different  .samples  under 
different  growth  C(>ndilu>n.>;  ta)  with  Ga  pre-deposit;  (h)  with 
Co  prc-dept»su;  (e)  without  any  pre-deposit.  All  the  films  are 
of  the  same  thickness. 


obtained  even  at  room  temperature.  However,  at 
this  low  growth  temperature,  the  RHEED  pattern 
obtained  is  broad  and  spotty  after  a  few  minutes 
of  growth,  indicating  poor  crystalline  quality  and 
surface  morphology.  On  the  other  hand.  Baugh  et 
al.  {12j  suggest  that  CoGa  is  not  stable  when 
annealed  at  500°C  both  in  the  Co-rich  or  Ga-rich 
condition.  To  achieve  high  crystalline  quality  and 
to  keep  CoGa  stable  at  the  same  lime.  we.  there¬ 
fore.  use  an  intermediate  growth  temperature  at 
about  300“C.  In  one  case,  a  small  amount  of  Ga  is 
deposited,  and  the  RHEED  pattern  is  ob.served  to 
change  from  As  c(4  x  4)  into  Ga(4  x  6)  or  other 
Ga  rich  reconstructions.  At  the  initial  stage  of  this 
growth,  a  broad  RHEED  pattern  is  seen.  How¬ 
ever,  as  the  growth  proceeds,  the  RHEED  pattern 
becomes  streaky  within  one  minute  or  so.  For 
films  grown  under  this  condition,  the  X-ray  dif¬ 
fraction  shows  a  peak  corresponding  to  ( 1 10)CoGa 
as  shown  in  fig.  la.  For  comparison,  standard 
GaAs  c(4  X  4)  RHEED  patterns  are  given  in  figs. 
2a  and  2b  for  looking  along  the  (010)  and  (OTT ) 
azimuth  angles  respectively,  while  fig,  3  gives  the 
projections  of  GaAs  and  CoGa.  The  RHEED 
pattern  of  single  pha.se  CoGa(  1 10)  is  shown  in  fig. 
4.  and  we  can  see  clear  Kikuchi  bands  indicating  a 
giH'd  crystalline  quality.  For  convenience  of  com¬ 
parison  with  the  GaAs  substrate  as  well  as  for 
being  consistent,  all  the  directions  marked  on 
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Fig.  2.  As  c(4x4)  RHEED  paHems  after  growing  a  1000  A  GaAs  buffer  layer:  (a)  (010)  and  (b)  (Oil);  the  two  arrows  indicate  the 

fundamental  lines  from  bulk  diffraction. 


CoGa  RHEED  patterns  are  referred  to  GaAs  sub¬ 
strate.  We  see  that  the  distance  between  the  two 
fundamen'al  lines  from  the  bulk  CoGa  lattice  in 
the  (Oil)  direction  showing  in  fig.  4d  is  the  same 


as  GaAs  in  (011)  direction  in  fig.  2b.  Furthermore, 
the  distance  in  (011)  (fig.  4b)  is  \/2  times  that  in 
the  (Oil)  direction  (fig.  4d).  The  relations  of  the 
lattice  constant  and  orientation  in  (lOO)GaAs, 
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Fig.  3.  Projectfve  view  of  the  surfaces  of  (l(X))GaA.s,  (100)C<>Ga.  and  (110)CoGa.  They  show  the  relations  of  the  lattice  constant  and 
orientation.  The  dark  lines  in  the  top  left  figure  indicate  the  upward  bonds  of  Ga  atoms. 
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(lOO)CoGa  and  (nO)CoGa  can  be  seen  in  fig.  3. 
Since  the  (110)  surface  of  CoGa  has  a  rectangular 
symmetry  with  sides  (1,  the  symmetry  direc¬ 
tions  will  appear  at  0°  and  tan“'(l  35°. 

ln_Uie  later  case,  if  we  rotate  the  sample  35  °  from 
(Oil)  toward  (010)  or  (OOT),  we  obtain  another 
symmetric  pattern,  in  which  the  distance  between 
two  fundamental  lines  is  /3  times  that  of  (Oil)  as 
expected.  Therefore,  we  can  conclude  that  the 
growth  direction  when  the  surface  is  initially 
terminated  with  Ga  is  (110)(0011CoGa  on 
(100)(011]GaAs.  As  the  flux  ratio  of  Co  to  Ga 
(still  within  40%  to  60%)  is  changed,  there  is  no 
change  of  the  epitaxial  orientation. 

For  the  second  case,  the  growth  temperature  is 
kept  constant  at  about  300°C,  and  some  small 
amount  of  Co  ( —  one  monolaver)  is  deposited 


until  the  RHEED  pattern  of  As  c(4  x  4)  changes 
prior  to  the  growth.  In  this  case,  an  entirely  differ¬ 
ent  result  from  the  Ga  pre-deposited  condition  is 
obtained.  Under  this  condition,  the  resulting  films 
show  a  dominant  (l()0)CoGa  epitaxial  growth.  The 
corresponding  X-ray  diffraction  is  shown  in  fig. 
lb.  The  RHEED  pattern  shown  in  fig.  5  reveals 
streaky  lines  with  clear  Kikuchi  bands,  indicating 
a  good  crystalline  quality.  From  figs.  3  and  5,  we 
can  see  that  the  distance  between  the  two  funda¬ 
mental  line  of  CoGa  in  the  (001)  direction  (fig.  5a) 
is  1/^2  times  that  in  the  (Oil)  direction  (fig.  5b), 
which  is  the  same  as  the  GaAs  in  the  (010)  direc¬ 
tion,  when  compared  with  GaAs  c(4  x  4)  pattern. 
From  the  pattern  in  fig.  5,  we  conclude  that  the 
epitaxial  direction  in  this  case  is  (100)[011]CoGa 
on  (100)101  llGaAs.  Similar  to  the  Ga  pre-de- 


,  i 

1  4 

1  I 

Fig.  4.  RHEED  pattem.s  from  the  (110)CoGa  sample  after  500  A  growth:  (a)  about  35°  from  (011)  toward  (010).  (b)  (011),  (c)  about 

35 °  from  (Oil )  toward  (001 ),  and  (d)  (01 1 ). 


1000 


T.C.  Kuo  et  ai.  /  RHEED  studies  of  epitaxial  growth  of  CoGa  on  GoAs  by  MBE 


posited  situation,  the  results  will  not  be  affected 
by  the  flux  ratio  as  long  as  the  Ga  fraction  is 
within  40%  to  60%. 

If  CoGa  is  deposited  directly  onto  the  GaAs 
c(4  X  4)  surface  without  the  pre-conditioning,  a 
mixture  of  (lOO)CoGa  and  (nO)CoGa  pattern  is 
seen  as  given  in  fig.  6.  It  is  clear  that  the  pattern  in 
fig.  6  is  rather  spotty  and  broad  compared  with 
the  RHEED  patterns  in  figs.  4  and  5,  and,  in 
addition,  the  Kikuchi  bands  disappear.  The  X-ray 
diffraction  shown  in  fig.  Ic  indicates  a  mixed 
phase.  Although,  the  (lOO)CoGa  is  the  dominant 
one,  there  is  (llO)CoGa  present. 

The  determination  of  epitaxial  orientations  and 
phases  appear  independent  of  the  surface  mor¬ 
phology.  In  order  to  verify  that  the  anchoring  of 
epitaxial  orientation  is  independent  of  the  surface 
morphology,  several  deposited  films  with  and 
without  a  GaAs  buffer  layer  are  compared. 


Without  a  buffer  layer,  the  surface  of  a  GaAs 
substrate  after  thermal  cleaning  is  always  rough  as 
revealed  in  RHEED  in  contrast  with  the  smooth 
buffer  layer  surface.  For  CoGa  films  deposited  at 
different  initial  conditions  without  a  buffer  layer, 
the  orientation  and  phase  of  CoGa  are  the  same  as 
the  cases  of  a  smooth  GaAs  buffer  layer  surface. 

The  composition  deviation  away  from  the 
proper  stoichiometric  range  (Ga  <  40%  or  >  60%) 
results  a  mixture  of  CoGa  and  other  Co-Ga-As 
compounds.  Under  Co-rich  conditions,  if  the 
growth  temperature  is  kept  at  room  temperature, 
the  X-ray  diffraction  data  show  that  both  CoGa 
and  pure  Co  exist.  If  the  flux  ratio  is  fixed  and  the 
growth  temperature  is  increased  to  300  °C.  the 
X-ray  diffraction  data  show  that  CoGa,  CoGa, 
and  CoAs  co-exist  while  pure  Co  disappears.  From 
previous  work  [14],  pure  Co  deposited  on  GaAs 
substrate  is  known  to  react  with  GaAs  at  about 
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Fig.  6.  RHEED  patterns  from  the  mixture  of  (100)CoGa  and  (110)CoGa  after  500  A  growth:  (a)  (001),  (b)  (Oil),  (c)  (010).  and  (d) 
(Oil).  We  can  not  define  the  fundamental  lines  in  (b)  and  (d)  due  to  spotty  patterns. 


350°C;  therefore  it  may  be  concluacd  thai  the 
formation  of  CoGa,  is  due  to  the  reaction  be¬ 
tween  the  excess  Co  and  the  substrate.  In  the  Ga 
rich  condition,  the  X-ray  data  of  the  room  temper¬ 
ature  and  350‘’C  grown  samples  show  both  CoGa 
and  CoGa  3  peaks.  For  both  the  Co  rich  and  Ga 
rich  depositions  (outside  the  previously  stated  de¬ 
sired  range),  the  CoGa  grown  at  300°C  shows 
broad  RHEED  patterns.  As  the  growth  tempera¬ 
ture  is  increased  to  above  400°C,  the  RHEED 
pattern  becomes  streaky,  and  it  becomes  very  sim¬ 
ilar  to  the  CoGa(100)  pattern.  However,  a  strong 
peak  of  CoGa  3  in  addition  to  CoGa  is  detected  by 
the  X-ray  diffraction.  Thus,  for  high  quality  single 
phase  CoGa,  surface  pre-conditioning  needs  to  be 
carefully  done. 


4.  Summary 

In  summary,  a  single  phase  epitaxial  CoGa  is 
obtained  by  the  co-deposition  of  Co  and  Ga  at 
300°C.  Two  epitaxial  orientations,  (100)CoGa  and 
(n0)CoGa,  can  be  obtained  by  controlling  the 
pre-deposit  condition.  A  similar  result  was  ob¬ 
served  by  Harbison  et  al.  [15]  in  this  case  of  NiAl 
grown  on  AlAs.  Streaky  patterns  are  observed  for 
both  (l(X))CoGa  and  (llO)CoGa.  The  epitaxial 
direction  is  then  independent  of  the  flux  ratio  and 
the  surface  morphology  after  it  is  set  by  the  initial 
growth  condition.  The  composition  deviation  away 
from  the  proper  stoichiometric  range  results  in 
other  Co-Ga-As  compounds.  In  the  latter  case, 
although  the  patterns  look  streaky  at  high  growth 
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temperature.  X-ray  diffraction  detects  the  pres¬ 
ence  of  CoGa  j  or  other  Co- As  compounds.  These 
results  may  be  used  for  controlling  growth  of  a 
thermodynamically  stable  metal  contact  on  GaAs, 
and  more  importantly  for  fabrication  of  GaAs/ 
metal/GaAs  quantum  well  structures. 
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Cr/Fe  and  Ag/Cr.  Fe,  Co  superlattices  (SLs)  have  been  grown  by  molecular  beam  epitaxy  on  MgO  (001)  substrates.  The  results 
are  compared  with  those  previously  obtained  on  GaAs  ((Xll),  on  the  basis  of  reflection  high-energy  electron  diffraction,  sputter-depth 
Auger  profile  and  X-ray  diffraction  experiments.  It  is  shown  that  MgO  substrates,  wtiich  are  easier  to  prepare  than  GaAs  prior  to 
epitaxial  growth,  allow  the  growth  of  high  quaUty  metallic  SLs. 


1.  Introduction 

During  the  last  few  years,  molecular  beam  epi¬ 
taxy  (MBE)  has  facilitated  the  growth  of  high 
quality  magnetic  multilayer  structures.  Among 
them,  sandwiches  or  superlattices  (SLs)  of  Ag/Fe 
and  Cr/Fe  have  exhibited  new  and  exciting  prop¬ 
erties,  including  perpendicular  magnetization  for 
Ag/Fe  sandwiches  and  SLs  [1-3]  and  antiferro¬ 
magnetic  coupling  and  giant  magneto'esistance 
effects  for  Cr/Fe  SLs  [4J.  Up  to  now,  the  MBE 
growth  of  SLs  in  these  material  systems  has  been 
mainly  performed  on  GaAs  (001)  substrates.  The 
successful  use  of  such  substrates  necessitates  the 
growth  of  a  buffer  layer  in  order  to  obtain  a 
smooth  and  well  ordered  surface  suitable  for  the 
subsequent  growth  of  the  metallic  SLs.  This  re¬ 
quirement  obviously  complicates  the  growth  pro¬ 


cess.  Moreover,  when  a  GaAs  buffer  layer  is  grown, 
residual  arsenic  molecules  resulting  from  the  GaAs 
growth  may  affect  the  overall  SL  properties  by 
reacting  with  Fe  layers.  We  report  here  on  the  use 
of  MgO  (001)  as  an  alternative  substrate  for  the 
growth  of  high  quality  Ag/Fe  and  Cr/Fe  SLs. 
The  results  show  that  the  overall  properties  of  SLs 
grown  on  MgO  and  GaAs  substrates  are  similar. 
Moreover,  it  is  shown  that  MgO  (001)  substrates 
can  also  be  used  to  grow  high  quality  Ag/Cr  and 
Ag/Co  SLs. 

2.  Experimental  detail 

The  growth  experiments  have  been  performed 
in  an  MBE  system  designed  in  our  laboratory  and 
equipped  with  high-temperature  effusion  cells 
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Fig.  1.  Characteristic  RHEED  patterns  of  (a)  MgO  substrate  after  heating  at  450‘’C  for  15  min  (left.  (100)  azimuth;  right,  (110) 
azimuth):  (b)  20th  period  of  a  (Ag  60  A/Fe  7  A)2o  SI  (left.  Ag,  ri^t,  Fe);  (c)  30th  period  of  a  (Ag  30  A/Cr  5  A)j,  SL  (left  Ag,  right 

Cr);(d)  2nd  period  of  a  (Cr  12  A/Fe  A)^  SL  (left  Cr.  right  Fe). 


heated  by  electron  bombardment.  Additional  de¬ 
tails  can  be  found  elsewhere  [S],  Prior  to  epitaxial 
growth,  the  GaAs  substrates  were  simply  de¬ 
oxidized  by  dipping  into  a  HCI/methanol  solu¬ 
tion  (6).  By  heating  in  the  450-550  ®C  tempera¬ 
ture  range  under  a  suitable  A$4  partial  pressure,  it 
is  then  possible  to  induce  a  standard  2x4  recon¬ 
struction  surface.  However,  at  this  stage  the  surface 
is  still  rough  and  the  growth  of  a  GaAs  buffer 


layer  is  required  in  order  to  obtain  high-quality 
epitaxial  metallic  multilayers  [7-9],  Before  the 
subsequent  growth  of  metallic  SLs,  the  residual 
arsenic  pressure,  resulting  from  the  GaAs  growth 
should  be  decreased  down  to  the  10  “ Torr  range. 
The  growth  process  on  MgO  substrates  is  simpler. 
MgO  substrates  (from  Sumitomo)  are  simply 
heated  in  the  MBE  chamber  around  450  °C  for  15 
min,  without  preliminary  chemical  etching.  A  1  X  1 
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reflection  high-energy  electron  diffraction  (RHEE- 
D)  pattern  exhibiting  strong  KJkuchi  features,  and 
characteristic  of  a  smooth  surface,  is  then  ob¬ 
tained  (fig.  la).  However,  it  should  be  noted  that 
RHEED  observations  on  the  bare  substrate  are 
more  difficult  than  for  GaAs  due  to  strong  charg¬ 
ing  effects,  which  are  difficult  to  eliminate. 

On  both  GaAs  and  MgO  substrates,  metallic 
SLs  are  grown  using  a  relatively  low  growth  rate 
of  500  A/h  for  all  the  elements,  and  a  low  growth 
temperature  (30-60°C).  Growth  was  continu¬ 
ously  monitored  using  RHEED.  Since  the  growth 
chamber  is  connected  under  vacuum  with  a  scan¬ 
ning  Auger  system,  surface  analysis  could  be  per¬ 
formed  at  the  different  stages  of  the  growth,  and 
ion-beam  sputter  depth  profiles  of  the  grown 
structures  could  also  be  easily  performed.  Finally, 
the  structural  properties  of  SLs  are  controlled  by 
standard  X-ray  diffraction  techniques. 

3.  Results  and  discussion 

i.  I.  /  Fe.  Ag/Cr  and  Cr /  Fe  superUiitkes 

One  of  the  main  differences  between  the  growth 
on  MgO  (NaCl  structure,  a  =  4.20  A)  and  GaAs 
(zinc-blende,  a  =  5.65  A)  substrates  is  the  tKcur- 
rence  of  different  epitaxial  relationships  for  the 
metals  involved  in  the  superlattices.  In  particular, 
while  the  (112)  orientation  is  found  when  Cr  is 
grown  on  GaAs  (001)  [7),  it  is  the  (001)  orienta¬ 
tion  which  iKcurs  on  MgO  (001).  On  the  other 
hand,  the  growth  of  Ag  on  MgO  gives  rise  only  to 
the  (001)  orientation,  eliminating  the  problem  en¬ 
countered  ir  the  case  of  GaAs  susbtrates.  for 
which  both  Ag  (01 1 )  and  (001 )  orientations  can  be 
present  at  the  .same  time  (8.91.  However,  a  better 
Ag  (001)  single-crystal  film  is  obtained  when  a 
thin  nucleation  layer  (10-20  A)  of  Fe  (001)  or  Cr 
(001)  is  first  deposited  on  MgO  (001).  As  previ¬ 
ously  reported  (8,10,11],  such  a  nucleation  layer  is 
a  strict  prerequisite  for  the  growth  of  high  quality 
Ag/Fe  SLs  on  GaAs  (001).  However,  in  that  case 
Cr,  which  is  oriented  (112),  does  not  allow  the 
growth  of  a  good  single-crystal  Ag  layer.  Another 
difference  between  the  two  substrates  is  that,  while 
a  clearly  defined  (6  x  6)  reconstruction  is  observed 


when  Ag  is  grown  (via  a  Fe  nucleation  layer)  on 
GaAs,  a  1  X  1  unit  cell  is  always  obtained  for  the 
growth  on  MgO  (via  a  Fe  or  Cr  nucleation  layer). 

The  epitaxial  relationships  observed  when  using 
MgO  substrates  are  summarized  as  follows: 

Fe,,.,,.Cr^.,{001}(110>||Ag,,,, 

MgO^,,.,{001}<100> 

with  Up,,  =  2.86  A,  a^^  =  2.88  A.  =2.S9 

A  and  =  2.97  A. 

In  the  case  of  GaAs  substrates,  epitaxial  rela¬ 
tionships  have  been  previously  reported  [5,7-9]. 

Apart  from  these  differences,  the  overall  struct¬ 
ural  characteristics  of  Ag/Fe.  Ag/Cr  and  Cr/Fe 
sup>erlattices  are  almost  identical.  Since  results 
obtained  using  GaAs  substrates  have  been  previ¬ 
ously  reported  [5,7-9],  we  focus  here  on  structural 
features  associated  with  the  growth  on  MgO  sub¬ 
strates. 

Typical  examples  of  RHEED  patterns  recorded 
during  the  growth  of  Ag/Fe,  Ag/Cr  and  Cr/Fe 
SLs  are  given  in  fig.  1.  As  in  the  case  of  GaAs 
substrates,  the  RHEED  patterns  observed  for  the 
.Ag/Fe  (fig.  lb)  and  Ag/Cr  (fig.  Ic)  couples  are 
indicative  of  a  rather  smooth  growth  front.  The 
transition  between  the  characteristic  patterns  cor¬ 
responding  to  Ag  and  Fe  or  Cr  layers  is  rapid, 
within  one  or  two  monolayers,  indicating  the  for¬ 
mation  of  sharp  interfaces.  Also,  in  analogy  with 
the  behaviour  observed  on  GaAs  substrate,  Fe  or 
Cr  layers  are  always  slightly  roughp  than  the  Ag 
ones.  Therefore  the  interfaces  are  not  strictly  sym¬ 
metrical;  for  each  period,  Ag  (lower  surface  en¬ 
ergy)  smoothens  the  Fe  or  Cr  layer  surface.  Pre¬ 
sumably  because  of  this  smoothing  effect,  there  is 
no  noticeable  degradation  of  the  RHEED  patterns 
even  after  the  deposition  of  several  thousand 
angstrom  thick  SLs.  On  the  contrary,  even  if  the 
first  grown  Cr/Fe  SL  periods  exhibit  RHEED 
patterns  characteristic  of  .sharp  interfaces  and  good 
.single-crystal  growth  (fig.  Id),  a  slight  but  con¬ 
tinuous  degradation  occurs  as  the  growth  proceeds 
further.  Such  degradation  is  observed  for  both 
GaAs  and  MgO  .substrates.  This  similarity  is  found 
despite  the  fact  that  there  is  compressive  strain  for 
Fe  and  Cr  epitaxially  deposited  on  GaAs  (001) 
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(Aa/a=  +1.4%  and  +2.0%  respectively),  while 
severe  tensile  strain  results  from  the  growth  on 
MgO  (001)  (da/a  =—3.5%  and  —3%  respec¬ 
tively).  With  the  aim  of  decreasing  the  epitaxial 
strain  energy,  we  have  used  thick  Ag  buffer  layers 
(da/a  =-0.7%  and  -0.1%  for  Fe/Ag  and 
Cr/Ag  respectively)  or  even  quasi-lattice  matched 
lno2sGao72As  buffer  layers  (9).  No  significant 
improvement  was  found.  It  can  therefore  be  con¬ 
cluded  that  substrate-induced  strain  is  not  the 
driving  force  behind  the  observed  disordering 
when  increasing  the  thickness  of  Cr/Fe  super¬ 
lattices. 

In  order  to  confirm  that  there  is  no  significant 
intermixing  between  individual  layers  of  the  SLs 
or  between  MgO  substrates  and  SLs,  ion  beam 
(Ar^.  1  keV)  sputter-depth  Auger  profiles  have 
been  performed.  Auger  electron  signal  intensities 
were  deduced  from  AN/dE  peak-to-peak  heights 
measured  using  kinetic  energy  windows  centered 
on  the  most  intense  line  of  Ag  (336-361  eV),  O 
(495-520  eV).  Cr  (520-538  eV).  Fe  (688-708  eV). 
and  Mg  (1171-1191  eV).  The  results  correspond¬ 
ing  to  4  periods  SLs  of  Ag(60  A)/Fe(30  A),  Ag 
(60  A)/Cr(30  A)  and  Cr(45  A)/Fe(45  A)  are 
presented  in  figs.  2a,  2b  and  2c,  respectively.  Al¬ 
though  Auger  measurements  are  more  difficult  for 
SLs  grown  on  MgO  substrates  than  for  those 
grown  on  GaAs  substrates  due  to  charging  effects, 
the  measured  profiles  are  similar.  The  contribu¬ 
tions  of  each  individual  layer  are  clearly  resolved 
even  in  the  case  of  Cr/Fe  superlattice  (fig.  2c). 
Moreover,  intermixing  between  the  MgO  substrate 
and  the  SL  layers,  if  present,  is  limited  to  the  first 
deposited  SL  layer,  and  is  probably  less  than  15  A 
in  thickness,  which  is  the  estimated  depth  resolu¬ 
tion  in  the  present  experiments. 

Finally,  X-ray  diffraction  was  p>erformed  in 
order  to  determine  the  overall  structural  proper¬ 
ties.  and  in  particular  the  periodic  ordering  of  the 
superlattices.  Diffraction  measurements  were  per¬ 
formed  in  the  0/29  geometry  using  Cu  Ka  radia¬ 
tion  monochromatized  after  the  sample  by  a  pyro- 
litic  graphite  ((002)  reflection)  which  also 
eliminates  the  Fe  fluorescence.  Spectra  corre¬ 
sponding  to  (Ag  60  A/Fe  7  A)  X  15,  (Ag  30  A/Cr 
30  A)  X  34  and  (Cr  12  A/Fe  20  A)x  30  super- 
lattices  grown  on  MgU  are  presented  in  figs.  3a, 


Fig.  2.  Ion  beam  sputter  depth  Auger  profiles  of  four  period 
SLs  grown  on  MgO  (001):  (a)  Ag(60  A)/Fe<30  A):  (b)  Ag(60 
A)/Cr(.10  A);  (c)  Cr<45  A)/Fe<45  A). 


3b  and  3c,  respectively.  The  spectra  are  similar  to 
those  obtained  for  SLs  grown  on  GaAs  [9].  In 
particular  several  satellites  are  identified  for  both 
Ag/Fe  and  Ag/Cr  SLs  between  Ag  and  Fe  (or 
Cr)  Bragg  peaks.  These  satellites  indicfate  that 
well-ordered  SL  structures  with  sharp  interfaces 
are  achieved  for  Ag/Fe  and  Ag/Cr.  Simulations 
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Fig.  3.  X-ray  8/28  diffraction  patterns  around  the  first  Bragg 
peaks  for  different  Sl.s  grown  on  MgO  (001).  Note  that  we 
observe  in  spectrum  (a)  two  Ag  ((KI2)  peaks,  due  to  buffer  and 
SL  layers,  respectively. 


are  in  progress  to  estimate  the  influence  of  the  two 
interfaces  (Ag/Fe  and  Fe/Ag  or  Ag/Cr  and 
Cr/Ag)  on  the  satellite  intensities,  and  to  de¬ 
termine  if  they  give  rise  to  the  asynunetry  in  the 
number  of  satellites  observed  around  the  (002) 
Bragg  peaks.  On  the  other  hand,  we  only  detected 
two  weak  satellites  on  each  side  of  the  (002) 
Cr/Fe  SL  reflection,  despite  the  fact  that  there  is 
no  substrate  peak  obscuring  their  observation.  One 
of  the  origins  of  these  weak  intensities  is  the 
absorption  of  X  rays  by  Fe.  We  plan  to  carry  out 
further  experiments  near  the  K-absorption  edge  of 
Cr  in  order  to  enhance  the  peak  satellite  intensity 
as  in  Fe/Mn  SLs  [12]  and  to  better  understand 
the  nature  of  the  interfaces  for  this  system. 

Concerning  the  magnetic  properties  of  SLs 
grown  on  MgO  (001),  it  should  be  noted  that  up 
to  now  no  perpendicular  magnetization  has  been 
found  in  Ag/Fe  SLs  grown  on  MgO  (001),  al¬ 
though  such  behavior  has  been  observed  in  identi¬ 
cal  structures  grown  on  GaAs  (001)  [3].  This  dif¬ 
ference  may  be  related  to  the  fact  that  for  Ag 
layers  grown  on  MgO  no  surface  reconstruction 
(jccurs,  while  when  grown  on  GaAs  a  clear  (6  X  6) 
reconstruction  is  observed.  Also,  no  RHEED 
oscillations  are  observed  during  the  growth  of  Ag 
on  MgO  in  contrast  with  the  behavior  found  on 
GaAs  [8].  It  seems  therefore  that  Ag  layers  are  of 
lower  quality  when  grown  on  MgO.  although  X-ray 
diffraction  results  on  Ag/Fe  SLs  grown  on  MgO 
and  GaAs  substrates  are  comparable.  The  diffi¬ 
culty  of  obtaining  perpendicular  magnetization  in 
the  case  of  MgO  substrates  indicates  that  it  is 
probably  very  sensitive  to  the  atomic-scale  perfec¬ 
tion  of  the  interface  between  Ag  and  Fe  layers. 


3.2.  Ag  /  Co  superlattices 

Co-based  multilayer  structures  have  recently 
attracted  considerable  attention  [13-18]  because 
of  their  magnetic  properties,  such  as  perpendicular 
magnetic  anisotropy,  potentially  of  interest  for 
high-density  magnetic  recording.  Moreover,  epi¬ 
taxial  strain  in  such  systems  may  impose  the  for¬ 
mation  of  Co  metastable  phases,  giving  rise  to  new 
magnetic  properties.  Depending  on  the  substrate 
structure  and/or  superlattice  structural  parame- 
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ters  (individual  layer  thickness,  nature  of  the  alter¬ 
nating  metals),  the  Co  layers  crystallize  in  the 
usual  hep  or  in  fee  [17,21-23]  and  bee  [2,19-21] 
metastable  phases. 

Among  the  different  metals  which  can  be  alter¬ 
nated  with  Co  to  give  single-crystal  SLs,  Ag  has 
been  studied  less  than  other  noble  metals  such  as 
Au  [14,15],  Pt  [13],  Pd  [13]  or  Cu  [16],  However, 
very  recent  results  indicate  that  the  Ag/Co  couple 
is  a  good  candidate  to  obtain  enhanced  magneto¬ 
resistance  effects  [23,24], 

When  Co  is  directly  deposited  on  MgO  (001) 
substrates  at  room-temperature,  it  crystalizes  in 
the  (001)  hep  orientation.  However,  if  Ag  is  inter¬ 
calated  between  MgO  and  the  Co  layer,  it  is  the 
fee  phase  which  occurs  with  the  following  epi¬ 
taxial  relationship: 

Co,,j001  )<100)  ||Ag,,,  {001  }(100>. 

After  a  nucleation  layer  of  20  A,  of  Cr  on 
MgO,  a  thin  Ag  layer  (  -  60  A)  is  in  fact  sufficient 
to  impose  the  fee  phase  of  Co.  The  RHEED 
pattern  of  this  phase  is  observed  up  to  400  A.  the 
thickest  Co  layer  deposited  in  the  present  work. 
However,  nuclear  magnetic  resonance  (NMR)  ex¬ 
periments  [25],  although  confirming  the  presence 


of  the  metastable  fee  phase,  indicate  also  a  contri¬ 
bution  of  the  hep  phase. 

Different  superlattice  structures  have  been 
grown  at  room-tem|>erature  with  individual  layers 
ranging  from  30  to  60  A  for  Ag  and  5  to  60  A  for 
Co.  Although  the  RHEED  pattern  associated  with 
the  fee  Co  phase  is  always  observed  for  a  30 
{jeriod  SL  of  Ag(30  A)/Co(5  A),  change  in  the 
RHEED  pattern  occurs  with  increasing  Co  layer 
thickness.  It  is  tentatively  associated  to  the  phase 
transition  from  fee  to  hep.  For  a  superlattice  con¬ 
sisting  of  alternating  layers  of  60  A  Ag  and  10  A, 
20  A  or  60  A  Co,  the  transition  appears  after 
~  15,  3  and  1  periods  of  growth,  respectively.  This 
result  is  in  contrast  to  the  fact  that  for  a  single 
layer  of  Co  on  Ag  (001)  the  fee  phase  is  still 
present  after  several  hundred  angstroms  deposi¬ 
tion.  It  is  clearly  more  difficult  to  preserve  the  fee 
phase  when  alternating  growth  of  Ag  and  Co  is 
performed.  This  is  probably  due  to  the  fact  that 
the  structural  quality  of  the  Ag  layers  grown  on 
top  of  the  Co  layers  degrades  as  a  function  of 
individual  and  integrated  thicknesses  of  the  Co 
layers,  as  deduced  from  the  RHEED  pattern 
evolution.  Indeed  the  RHEED  pattern  of  the  fee 
Co  phase  disappears  when  the  Ag  layer  assumes 


Fig.  4.  Characteristic  RHEED  patterns  of  a  (Ag  60  A/Co  20  A)„  SL:  (a)  first  Ag  layer  ((001)  single  orientation);  (b)  first  Co  layer 
(fee  phase);  (c)  last  Ag  layer  (non-single  orientation):  (d)  last  Co  layer  (hep  phase). 
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several  orientations.  Another  remarkable  point  is 
that  when  Co  is  grown  on  A|  (001),  it  assumes  its 
bulk  lattice  parameter  (3.54  A)  from  the  very  first 
monolayers  deposited.  In  other  words,  there  is  no 
pseudomorphic  growth  in  this  system. 

Typical  RHEED  patterns  taken  during  the 
growth  of  a  (Ag  60  A/ Co  20  A)X  18  are  pre¬ 
sented  in  figs.  4a-4d.  Figs.  4a  and  4b  correspond 
respectively  to  Ag  and  Co  layers  in  the  first  SL 
period  while  figs.  4c  and  4d  correspond  to  Ag  and 
Co  layers  in  the  last  SL  period,  i.e.  at  a  stage 
where  the  Ag  layer  is  no  longer  of  a  single  orienta¬ 
tion  £ind  the  Co  layer  is  mainly  in  the  hep  phase. 
From  the  point  of  view  of  transport  properties. 
Ag/Co  SLs  epitaxially  grown  on  MgO  (001)  ap¬ 
pear  to  be  promising  structures.  The  magnetoresis¬ 
tance  ratio  attains  20%  at  4.2  K  with  magnetore¬ 
sistance  peaks  at  ±  200  Oe  [26]. 


4.  Conclusion 

It  is  shown  that  a  MgO  (001)  substrate  can  be 
used  instead  of  GaAs  (001)  for  the  MBE  growth 
of  high  quality  Cr/Fe,  Ag/Fe,  Ag/Cr,  and  Ag/Co 
epitaxial  superlattices. 

The  structural  properties  of  these  superlattices 
grown  on  both  substrates  are  similar.  The  main 
difference  resides  in  the  epitaxial  relationships  be¬ 
tween  the  metals  and  the  substrates.  In  particular. 
Cr  and  Ag  take  the  (001)  orientation  on  MgO 
(001)  while  on  GaAs  (001)  the  observed  orienta¬ 
tions  are  (112)  for  Cr  and  (110)  and/or  (001)  for 
Ag.  Another  difference  is  that  for  Ag  layers  grown 
on  MgO  no  surface  reconstruction  occurs,  while 
when  grown  on  GaAs  a  clear  (6  X  6)  reconstruc¬ 
tion  is  observed.  This  difference  may  be  related  to 
the  fact  that  no  perpendicular  magnetization  has 
been  found,  at  least  up  to  now,  for  Ag/Fe  SLs 
grown  on  MgO,  contrary  to  the  case  of  identical 
SLs  on  GaAs  ((X)l). 

On  the  other  hand,  in  the  present  early  state  of 
our  investigations,  it  seems  easier  to  gro,v  Ag/Co 
superlattices  on  MgO  than  on  GaAs.  It  is  found 
that  thin  layers  of  Co  epitaxially  grown  on  Ag 
(001)  are  mainly  in  the  fee  metastable  phase,  the 
transition  towards  the  hep  phase  being  rapidly 


observed  in  SL  structures  when  increasing  the  Co 
thickness.  These  superlattices  have  already  ex¬ 
hibited  promising  transport  properties  such  as  en¬ 
hanced  magnetoresistance  effect. 
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Diluted  magnetic  III-V  semiconductors  In,  _  ^Mn^  As  with  p-type  conduction  have  been  successfullv  grown  bv  molecular  beam 
epitaxy  under  the  specific  growth  conditions  of  substrate  temperatures  above  275 with  Mn  compositions  0.001  <  x  <  0.03.  No 
MnAs  second  phase  was  detected  in  these  films  in  which  the  Mn  ions  serve  the  dual  purpose  of  providing  conduction  holes  and  local 
spins.  Hole  concentrations  fall  in  the  range  of  5  x  lO'^  to  lO'*^  cm  ’  ’  depending  on  (he  Mn  composition,  and  they  can  be  varied  with 
donor  impurities  such  as  Sn.  Magnetoiranspori  at  low  temperatures  exhibits  striking  hysteretic  characteristics,  suggesting  the 
occurrence  of  ferromagnetic  order  induced  by  the  presence  of  holes. 


1.  Introduction 

Diluted  magnetic  Ill-V  semiconductors  are 
novel  semiconductor  materials  in  which  high  con¬ 
centrations  of  magnetic  ions  are  incorporated  in 
the  host  III-V  semiconductors.  As  recently  exem¬ 
plified  by  the  epitaxy  of  In,_,Mn,As  (.v<0.2) 
films,  formation  of  such  systems  was  made  possi¬ 
ble  by  molecular  beam  epitaxy  under  low  growth 
temperatures  in  the  200-300°C  range  (1  3|.  In 
diluted  magnetic  semiconductors,  various  cooper¬ 
ative  effects  can  occur  in  both  magnetic  and  elec¬ 
tronic  properties  through  the  spin-exchange  inter¬ 
action  between  free  carriers  and  magnetic  ions  (4), 
These  effects  and  their  applications  can  now  be 
pursued  in  technologically  important  III-V  semi¬ 
conductors  and  related  heterostructures. 

Previously,  two  types  of  In,  ,Mn,  As  epitaxial 
films  were  found  under  two  different  growth  con¬ 
ditions.  At  low  substrate  temperatures  (  ~  200 °C). 
homogeneous  alloys  with  paramagnetic  character¬ 
istics  were  grown  at  least  up  to  .r  =  0.18.  These 
films  exhibited  n-type  conduction.  Under  the  sec¬ 
ond  growth  condition  of  relatively  high  growth 
temperatures  (-  300  °C)  with  large  x  values,  the 
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films  were  ferromagnetic,  arising  apparently  from 
the  presence  of  MnAs  clusters. 

In  this  paper,  we  report  the  growth  of  homoge¬ 
neous  p-type  In,  _,Mn,As  films  and  their  physi¬ 
cal  properties  associated  with  carrier-induced 
magnetism.  We  have  found  in  the  growth-parame¬ 
ter  space  a  specific  regime,  defined  by  the  sub¬ 
strate  temperatures  >  275  °C  and  the  Mn  com¬ 
positions  0  <  X  <  0.03.  where  Mn  ions  .serve  the 
dual  purpose  of  providing  both  local  spins  and 
conduction  holes.  Within  this  regime,  the  forma¬ 
tion  of  MnAs-like  clusters  is  suppressed,  and  a 
variety  of  p-lype  samples  with  different  hole  con¬ 
centrations  can  be  produced.  The  highest  hole 
concentration  so  far  obtained  is  p  ~  10'*’  cm  '  at 
X  =  0.004.  The  number  of  holes  at  a  fixed  Mn 
composition  has  also  been  found  to  be  controlla¬ 
ble  by  doping  with  conventional  donor  impurities, 
such  as  Sn.  In  this  case,  the  hole  concentration 
decrea.ses  with  an  increasing  incorporation  of  Sn, 
leading  eventually  to  the  conversion  to  n-type 
conduction.  The  p-type  samples  thus  prepared  ex¬ 
hibit  very  striking  hysteretic  characteristics  in 
magnetotransport  at  low  temperatures,  together 
with  the  appearance  of  remanent  magnetization 
(5],  In  contrast,  no  anomalous  behavior  is  ob¬ 
served  for  the  n-type  samples.  These  observations 
strongly  suggest  that  the  magnetic  order  is  in¬ 
duced  by  carriers  as  a  result  of  the  rather  strong 
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ferromagnetic  spin-exchange  interaction  between 
the  holes  and  Mn  ions. 


2.  Epitaxy  of  p-type  In,_ ,Mn^As/lnAs/GaAs 
(100) 

A  large  number  of  thick  epitaxial  films  (1-2.5 
pm)  were  grown  by  molecular  beam  epitaxy  on 
lnAs(20  nm)/GaAs(300  nm)/GaAs(100)  surfaces 
under  various  combinations  of  growth  parameters, 
T;  =  200-380 °C,  [As4j/[In  +  Mn]  =1-10.  and  x 
=  0.001-0.05,  for  substrate  temperatures,  flux 
ratios,  and  Mn  compositions,  respectively.  The 
growth  rate  was  -  1.2  pm/h  for  all  the  films.  The 
,v  values  of  the  samples  were  evaluated  by  electron 
micro-probe  analysis  using  a  10  keV  beam.  The 
flux  ratio  does  not  appear  to  have  a  significant 
influence  on  the  physical  properties  of  the  films 
except  that  very  high  AS4  fluxes  tend  to  induce 
three-dimensionally  nucleated  islands.  The  sub¬ 
strate  temperature,  however,  is  a  rather  critical 
growth  parameter  which  is  responsible  for  the 
resulting  properties.  The  conduction  is  usually 
dominated  by  extrinsic  donor  states  of  unknown 
origin  and  thus  n-type  for  films  grown  at  = 
200- 265  °C.  whereas  p-type  conduction  takes 
place  for  samples  grown  at  7^  >  275  °  C.  The  hole 
concentrations,  as  evaluated  by  low-field  (4  kOe) 
Hall  effect  measurements,  are  in  the  range  of 
10‘''-10‘‘’  cm  greater  than  the  values  obtained 
in  the  conventional  Mn-doped  III-V  compounds 
[6-  8].  They  are  also  strongly  dependent  on  the  Mn 
composition  x.  as  shown  in  fig.  1  for  samples 
grown  at  T,  =  300°C.  In  the  region  of  low  Mn 
compositions  (0.001  <  .v  <  0.004),  hole  concentra¬ 
tion  increases  monotonically  with  increasing  .x, 
reaching  the  highest  concentration  of  p  ~  10^" 
cm  ’  at  X  =  0.004.  The  hole  concentration  is  rea- 
.sonably  close  to  the  number  of  Mn  atoms,  indicat¬ 
ing  that  Mn  in  these  films  are  acceptors  (Mn^"^ 
plus  one  hole)  with  an  activation  efficiency  being 
nearly  100%.  Beyond  x  =  0.004.  however,  the 
numbers  of  holes  decrease  drastically  with  increas¬ 
ing  Mn  composition.  The  reduction  is  more  than 
two  orders  of  magnitude  from  x  =  0.004  to  0.026. 
at  which  point  the  hole  concentration  is  as  low  as 
p-  .'xlO'^cm  -. 


Fig.  1.  Hole  concentrations  at  77  K  of  ln,„,Mn4As  films 
grown  at  a  substrate  temperature  of  300*^0  with  different  Mn 
compositions. 

The  influence  of  the  Mn  composition  on  film 
homogeneity  in  terms  of  the  existence  of  ferro¬ 
magnetic  MnAs  phase  was  examined  by  magneti¬ 
zation  measurements.  Hysteresis  loop  studies  were 
performed  at  -150°C  (123  K)  using  a  vibrating 
sample  magnetometer,  with  which  a  total  MnAs 
concentration  of  ~  10'*  cm"  ’  could  be  selectively 
detected  out  of  diamagnetic  backgrounds  of  a 
glass  sample  holder  and  an  undoped  semi-insulat¬ 
ing  GaAs(lOO)  substrate.  Great  care  was  taken  to 
subtract  these  backgrounds  for  quantitative  ana¬ 
lyses  of  small  sample  signals  (10"'’-10"‘’  emu). 
Magnetization  data  thus  obtained  are  shown  in 
fig.  2  for  samples  with  two  different  Mn  composi¬ 
tions,  .X  =  0.026  and  0.046.  Both  samples  were 
grown  at  the  same  substrate  temperature  of  = 
300  °C.  As  can  be  seen,  the  magnetization  of  the 
X  =  0.026  sample,  consisting  only  of  a  para¬ 
magnetic  component  as  expected  for  a  homoge¬ 
neous  alloy,  does  not  show  any  evidence  of  the 
hysteretic  component  within  the  detection  limit. 
In  contrast,  both  components  are  clearly  visible  in 
the  case  of  x  =  0.046.  The  hysteresis  disappears  at 
-  320  K,  which  is  consistent  with  the  Curie  tem¬ 
perature  of  ferromagnetic  MnAs  [9].  The  hinAs 
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Fig.  2.  Magnetization  data  at  --  I50°C  (123  K)of  Ini  _  ^Mn^As 
films  with  two  different  Mn  compositions.  Films  were  grown  at 
a  substrate  temperature  of  300  ®C.  Magnetic  field  was  applied 
perpendicular  to  the  film  surface. 


composition,  estimated  from  a  known  value  of  800 
emu/cm'  of  a  bulk  MnAs,  is  -v^nAs  0.0065  which 
corresponds  to  13^  of  the  total  Mn  composition 
of  the  X  =  0.046  sample.  Further  investigations 
have  confirmed  that  all  samples  with  x  <  0.026  do 
not  exhibit  any  hysteretic  characteristics  remi¬ 
niscent  of  MnAs  at  123  K.  It  is  probably  surpris¬ 
ing  that  no  hysteretic  trace  is  observed  even  for  an 
X  =  0.012  sample  grown  at  =  380  °C.  These  re¬ 
sults  head  to  the  conclusion  that  the  formation  of 
MnAs  clusters  is  critically  dependent  on  the  x 
value  with  a  critical  Mn  composition  being  around 
X  ~  0.03  at  above  275  °C. 

This  observation  suggests  that  p-type  samples 
with  X  <  0.026  are  virtually  homogeneous,  so  that 
the  reduction  in  hole  concentrations  (fig,  1)  can¬ 
not  be  attributed  to  a  decrea.se  in  the  number  of 
Mn  acceptors  due  to  the  MnAs  clustering.  One 
possible  mechanism  responsible  for  the  reduced 
hole  concentration  may  be  the  .self-compensation 
effect  as  frequently  encountered  in  doping  II-VI 
compounds,  in  which  point  defects  or  complexes 
are  formed  during  the  growth  to  electrically  com¬ 
pensate  for  the  charges  of  the  impurities  (10}. 

We  now  discuss  the  influence  of  intentional 
doping  on  conduction  properties  of  p-type 
In,  ,Mn,As  films.  It  has  been  found  that  the 
number  of  holes  at  a  fixed  Mn  composition  is 
controllable  by  doping  with  conventional  donor 
impurities,  such  as  Sn.  The  hole  concentration 
decreases  with  an  increasing  incorporation  of  Sn. 


and  a  conversion  to  n-type  conduction  occurs 
under  extremely  high-doping  condition.  Typical 
results  are  shown  in  fig.  3  for  x  =  0.012  samples 
grown  at  7^  =  300  °  C.  in  which  carrier  concentra¬ 
tion  is  plotted  as  a  function  of  effusion  cell  tem¬ 
perature  of  Sn.  The  equilibrium  vapor  pressures 
range  from  7.5  X  10“^  Torr  (750  °C)  to  1  X  10“'’ 
Torr  (990  °C).  which  are  common  values  used  for 
intentional  doping  in  molecular  beam  epitaxy  (11). 
The  hole  concentration  in  the  undoped  sample  is 
4.5  X  10’**cm“’.  as  indicated  in  the  figure  with  the 
left-most  data  point.  The  reduction  in  hole  con¬ 
centration  is  noticeable  for  samples  grown  with 
Sn-cell  temperatures  above  750  °C.  and  conver¬ 
sion  to  n-type  conduction  takes  place  over  - 
850  °  C.  Above  this  cell  temperature,  electron  con¬ 
centrations  continue  to  increase  up  to  at  least 
~  1000  °C.  Composition  analyses  of  the  heavily 
doped  films  have  confirmed  that  the  Mn  composi¬ 
tion  retains  the  same  value  as  that  of  the  undoped 
sample.  It  is  interesting  to  note  that  the  electron 
concentration  decreases  with  increasing  Mn  com¬ 
position  at  a  fixed  Sn  cell  temperature.  For  exam¬ 
ple,  at  the  ceil  temperature  of  950  ®C.  electron 
concentrations  are  n  =  1.2  x  10^'\  9.6  X  lO”.  and 
1.4  X  10'"  cm  for  .v  =  0.  0.0038.  and  0.012,  re- 
.spectively.  This  trend  indicates  that  Sn  atoms  pre- 
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dominantly  substitute  for  the  sites  of  group  III 
element. 


3.  Transport  properties 

The  p-type  samples  thus  prepared  exhibit  very 
striking  hysteretic  characteristics  in  magnetotrans¬ 
port  at  low  temperatures  [5],  In  fig.  4,  we  show 
one  of  these  results,  transverse  magnetoresistance 
p,,  and  Hall  resistance  p^^  at  4.2  K  for  an  un¬ 
doped  X  =  0.012  sample  patterned  into  a  Hall-bar 
geometry.  Numbers  and  arrows  in  the  figure  rep¬ 
resent  the  sequence  and  sweeping  direction  of  an 
applied  field  H.  For  the  p^,  component,  a  very 
large  negative  magnetoresistance  is  accompanied 
by  the  hysteretic  behavior,  but  a  zero-field  resis¬ 
tance  remains  at  a  constant  value  regardless  of  the 
history  of  the  applied  field.  For  the  p,,.  compo¬ 
nent,  the  p„  -/f  curve  forms  a  hysteresis  loop  with 
a  small  coercive  force  of  ~  200  Oe,  so  that  the 
zero-field  value  depends  on  the  polarity  of  H. 
Deviation  from  the  ideal  inversion-symmetry  in 
the  measured  p, ,  curve  is  due  to  a  finite  contribu¬ 
tion  of  the  p^,  component.  These  results  indicate 
that  ferromagnetic  order  takes  place  in  the  film. 


APPLIED  FIELD  (k0«) 

Fig.  4.  Transverse  magnetoresislance  p,,  (a)  and  Hall  resis¬ 
tance  p,,  (b)  at  4.2  K  of  a  p-type  sample  with  Jt  -  0.012.  The 
sample  was  patterned  into  a  Hall  bar  by  conventional  photo¬ 
lithography  and  wet-etching  processes. 


and  that  the  transport  behavior  is  strongly  in¬ 
fluenced  by  the  remanent  magnetization.  An 
anomalous  increase  in  low-field  (50  Oe)  magneti¬ 
zation,  detected  with  a  SQUID  magnetometer  at 
temperatures  below  ~  8  K,  is  consistent  with  these 
observations.  In  addition,  it  is  important  to  men¬ 
tion  that  these  characteristics  are  totally  absent  in 
n-type  In,_^Mn^As :  Sn  samples. 

It  is  very  likely  that  the  observed  effects  arise 
from  ferromagnetic  order  induced  by  the  presence 
of  conduction  holes.  In  other  words,  a  ferromag¬ 
netic  spin-exchange  interaction  exists  between  the 
holes  and  Mn  ions.  The  interaction  of  holes  with 
MnAs  clusters  can  not  possibly  be  responsible  for 
these  results,  since  the  coercive  force  ( -  2000  Oe) 
and  the  Curie  temperature  ( —  320  K)  of  this  ferro¬ 
magnetic  material  do  not  agree  at  all  with  present 
observations.  Superparamagnetism  due  to  ultra- 
fine  MnAs  clusters,  if  any.  might  cause  a  weak 
remanent  magnetization  [12],  but  the  interaction 
of  carriers  with  such  clusters,  usually  considered 
to  be  fairly  small,  is  not  known  at  the  present 
stage.  One  of  the  intriguing  and  possible  mecha¬ 
nisms  is  the  Ruderman-Kittel-Kasuya-Yoshida 
(RKKY)  interaction  in  which  high  numbers  of 
free  carriers  can  indirectly  cause  a  long  range 
ferromagnetic  or  anti  ferromagnetic  order  among 
magnetic  ions.  In  diluted  magnetic  semiconduc¬ 
tors.  such  carrier-induced  magnetization  was  ex¬ 
amined  experimentally  in  the  p-type  PbSnMnTe 
(Mn  ~  3%)  system  [13],  where  high  hole  con¬ 
centrations  of  the  order  of  10^®  cm"^  were  found 
necessary  for  the  carrier-induced  ferromagnetic 
order.  In  contrast,  in  the  present  system,  both  hole 
and  Mn  concentrations  are  relatively  low;  for  ex¬ 
ample,  p  =  4.5  X  10'*  cm“-'  at  77  K  and  x  =  0.012 
for  the  sample  in  fig.  4.  This  fact  implies  that 
spin-exchange  interaction  is  strong  for  the  p-type 
ln,_,Mn,As,  in  which  Mn  ions  are  the  sources 
for  both  local  spins  and  conduction  holes. 
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Diluted  magnetic  semiconductor  Cd,  _  ,Mn,Te-Cdi  .  ^.Mn^Te  heterostructures  of  various  layer  thickness,  where  0  ^  x,  y  <  0.4. 
were  grown  by  molecular  beam  epitaxy  for  optical  and  magnetic  studies  of  reduced-dimen.sionaJ  systems.  X-ray  diffraction  patterns, 
low-temperature  photoluminescence  spectra  (PL),  and  AC  magnetic  susceptibility  measurements  were  used  to  verify  the  integrity  of 
these  structures.  The  carrier  quantization  in  the  quantum  wells  were  revealed  by  the  magnetic  response  in  a  magneto-optic 
microsusceptometer  as  well  as  by  the  results  of  PL  measurement.  These  SLs  were  used  to  study  the  dimensional  cross-over  of  the 
spin-glass  phase.  In  addition,  a  magnetic-field-induced  transition  from  type  I  to  type  11  superlattice  was  observed. 


1.  Introduction 

The  advent  of  epitaxial  crystal  growth  tech¬ 
niques  such  as  the  molecular  beam  epitaxy  (MBE). 
with  the  ability  to  grow  multilayer  structures  of 
monolayer  resolution  and  selected  chemical  com¬ 
positions.  has  made  possible  the  experimental 
realization  of  heterostructures  of  semiconducting, 
magnetic,  and  insulating  materials  for  studies  of 
systems  of  reduced  dimensions  [1-5],  Among  these 
materials,  the  diluted  magnetic  semiconductors 
(DMSs).  a  class  of  compound  semiconductors 
containing  a  random  distribution  of  magnetic  mo¬ 
ments.  exhibit  interesting  magnetic  effects  as  well 
as  semiconducting  properties  [6).  For  example,  the 
systematical  change  of  magnetic  dilution  results  in 
different  magnetic  phases,  namely,  paramagnetic, 
spin-glass,  or  antiferromagnetic  states,  depending 
on  the  concentration  of  the  magnetic  ions  and  the 
temperature.  Furthermore.  DMSs  exhibit  novel 
magneto-optic  and  magneto-transport  effects,  such 
as  the  huge  Faraday  rotation,  enhanced  Zeeman 
splitting,  and  large  negative  magnetoresistance, 
due  to  the  exchange  interactions  of  the  localized 
magnetic  moments  with  the  charge  carriers. 
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While  there  have  been  extensive  studies  on  the 
bulk  properties  of  DMSs.  the  manifestations,  in 
particular,  the  magnetic  manifestations,  of  re¬ 
duced  dimensionality  in  DMS  heterostructures 
have  just  started  to  be  explored.  The  capability  of 
MBE  to  select  a  particular  magnetic  phase  by 
fine-tuning  the  magnetic  dilution  and  to  tailor  the 
magnetic  layer  thickness  allowed  magnetic  studies 
of  dimen.sional  crossover  [7].  And  the  ability  to 
generate  carriers  and  confine  them  in  magnetic 
wells  allows  the  probing  of  carriers- magnetic-mo¬ 
ments  exchange  interaction  in  a  local  scale  [8.9]. 

In  the  first  part  of  the  following  section  the 
growth  of  DMS  CdMnTe  and  CdMnTe-CdMnTe 
SLs  will  be  discussed  in  detail.  The  materials  were 
characterized  by  the  X-ray  diffractometer  and  low 
temperature  photoluminescence  (PL)  measure¬ 
ments,  supplemented  by  the  photoluminescence 
excitation  (PLE)  measurements.  In  the  second  part 
the  results  from  the  magnetic  and  magneto-optical 
studies  will  be  presented. 

2.  IVIBE  growth  and  characterization 

The  host  crystals  of  DMS  can  be  A'’B'''  com¬ 
pounds  (binary  and  ternary  compounds  of  group 
11  and  group  VI  elements).  A'''B'^',  CdjAsj  and 
ZnjAsj,  chalcopyrites  [6],  and.  recently,  A'''B'' 
[10].  The  magnetic  species  can  be  transition  metals 
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or  rare  earth  elements.  The  most-studied  DMSs 
are  the  family  of  compounds  with  the  form  of 

A''_ where  A"  can  be  Cd,  Hg,  Zn . 

M"  can  be  Mn,  Fe,  Eu,  Gd . and  B''"  can  be  O. 

S,  Se,  or  Te.  The  host  binary  A‘'B'''  compounds 
crystallize  mainly  in  either  zincblende  (e.g.,  CdTe) 
or  wurzite  (e.g.,  MnTe)  structures  at  atmospheric 
pressure. 

Several  crystal  growth  techniques  have  been 
employed  to  grow  epitaxially  thin-film  a“B''' 
compounds  [3.11-14].  The  first  reported  success¬ 
ful  preparation  of  the  DMS  A"M"B'^'  thin  films 
was  HgCdMnTe  by  the  close-spaced  isothermal 
vapor  transport  growth  technique  [llj.  The  epi¬ 
taxial  growth  was  achieved  by  deposition  of 
evaporating  HgTe  on  the  CdMnTe  substrate  and 
mutual  interdiffusion.  But,  since  then,  vast 
amounts  of  the  thin  films  have  been  CdMnTe  and 
CdMnTe-CdMnTe  heterostructures  prepared  by 
the  MBE  technique  on  GaAs  (100)  substrates 
[3.12.13].  The  GaAs  (100)  substrates  have  ad¬ 
vantages  of  providing  large  areas  of  good-quality 
and  flat  surface.  well-establi.shed  substrate  clean¬ 
ing  methods,  and  controllable  surface  reconstruc¬ 
tions.  Recently.  CdTe  substrates  having  relatively 
large  areas  of  minimal  twins  became  available  and 
were  used  to  grow  CdMnTe  [15.16]. 

In  our  laboratory  Cd,  ,Mn  ,Te  layers  were  epi¬ 
taxially  grown  on  CdTe  buffer  layers  deposited  on 
semi-insulating  GaAs  substrates  of  either  nominal 
(100)  or  2°  off  towards  [011]  (see  ref.  [17])  in  a 
MBE  system  with  a  base  pressure  of  <  2  x  10 
Torr.  Substrates  were  prepared  using  the  standard 
procedures  of  degreasing  and  etching,  indium- 
bonded  onto  molybdenum  blocks,  and  outgassed 
in  the  loading  chamber  before  being  transferred  to 
the  growth  chamber.  After  the  thermal  surface- 
oxide  desorption  the  reflection  high  energy  elec¬ 
tron  diffraction  (RHEED)  pattern  showed  a 
streaking  3  x  reconstruction  tiong  the  [Oil] 
azimuth,  indicating  an  A.s-stabilized  surface  condi¬ 
tion.  The  substrate  temperature  was  then  de¬ 
creased  to  the  typical  growth  temperature  of 
300  °C.  Compound  CdTe  was  used  as  the  source 
material  in  growing  CdTe  layers  because  it  pro¬ 
vided  the  right  flux  ratio  of  Cd  and  Te,  beams  as 
suggested  by  Farrow  et  al.  [18].  For  growing 
Cd,  ,Mn,Te  additional  effusion  cells  containing 


elemental  Mn  and  Te  were  used  to  maintain  the 
stoichiometry.  Typical  growth  rate  of  CdTe  was 
0.5  jam/h.  Depending  on  the  growth  conditions 
employed  either  CdTe/Cd,  _  ,  Mn  jTe  (lll)B  or 
(100)  could  be  obtained.  Tbe  former  orientation 
was  chosen  resulting  in  the  following  orientation 
relationships  in  the  film  plan4e:  [011]  llGaAs[011] 
and  [211]  l|GaAs[0TT]  [19-22].  The  lattice  mis¬ 
match  in  the  former  direction  was  14.6^  but  was 
only  -0.7^  in  the  latter.  The  RHEED  patterns 
initially  exhibited  elongated  spots,  but  became 
streaking  after  the  deposition  of  only  a  few  atomic 
layers,  despite  the  pre.sence  of  the  initial  lattice 
mismatch.  As  the  buffer  layer  thickness  was  in¬ 
creased.  2  X  reconstruction  appeared  in  the 
RHEED  pattern  in  both  (011)  and  (211)  azimuths 
and  remained  throughout  the  growth,  indicating 
the  existence  of  layer  by  layer  epitaxial  growth. 

For  evaluation  of  the  periodic  structures.  X-ray 
analysis  was  performed,  employing  a  computer- 
controlled  diffractometer  with  a  well  collimated 
Cu  Ka,  (wavelength  X  =  1.540562  A)  as  the  source 
radiation  [23].  The  magnetic  susceptibility  mea- 
.surement  was  performed  utilizing  a  thin-film  in¬ 
tegrated  miniature  dc  SQUID  susceptometer  cir¬ 
cuit  [24].  For  the  magneto-optic  measurement  an 
improved,  ultra-low -noise  DC-SQU 1  D-based  mi- 
crosu.sceptometer  was  employed  [25].  The  trans¬ 
parent  quartz  substrate  u.sed  allowed  the  light  to 
be  directly  incident  on  the  sample. 

2.1.  CdTe  films 

The  X-ray  diffraction  studies  (0-2$  scan)  on 
CdTe  (111)  films  of  various  thickness  revealed 
that  the  perpendicular  lattice  constant  of  the  thin 
films  quickly  approached  that  of  a  thick  CdTe 
(111)  film  [26].  For  example,  a  film  of  64  A  thick 
(17  monolayers)  already  had  an  almost  identical 
lattice  constant  The  PL  spectrum  at  4.8  K  of 
undoped  CdTe  (111)  layers  [3]  typically  exhibited 
several  strong  and  well-defined  excilon  peaks, 
comparable  to  those  observed  in  bulk  CdTe  [27,28]. 
Those  peaks  consisted  of  three  dominant  bound 
exciton  peaks  as  well  as  a  weaker  peak  of  free 
excitons  at  higher  energy.  In  addition,  much 
weaker  features  present  at  lower  energies  corre- 
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Fig.  I.  The  PL  spectra  at  5  (C  of  three  CdMnTe  films.  The 
MnTe  percentage,  PL  peak  position  and  FWHM  of  of  the 
dominant  peaks  are  (a)  13^,  1.802  eV.  12.0  meV;  (b)  17.5^, 
1.874  eV,  23.3  meV;  (c)  35.5^?,  2/161  eV,  34.3  meV.  An  Ar^ 
laser  was  used  as  the  pumping  source. 


sponded  to  the  first  longitudinal  optical  (LO)  pho¬ 
non  replica  of  the  exciton  peaks. 

2.2.  CdMnTe  films 

The  ability  to  grow  good-quality  CdTe  films  on 
GaAs  substrates  permitted  the  epitaxial  growth  of 
bulk  films  of  Cd,_  ,Mn^Te  and  superlattices  of 
Cd,  ,Mn,Te-Cd,_,Mn,Te  on  a  more  similar 
CdTe  than  GaAs  substrate.  Typically,  an  1500  A 
thick  CdTe  buffer  layer  was  used.  The  2  X  recon¬ 
struction  patterns  were  maintained  throughout  the 
growth.  The  concentration  of  Mn  was  determined 
by  electron  microprobe  measurements,  the  peak 
position  of  the  low  temperature  PL  spectra,  and 
high  temperature  magnetic  susceptibility  data.  The 
concentration  determined  from  these  methods  was 
self-consistent  within  experimental  errors.  Typical 
PL  spectra  at  5  K  of  Cd,  ,Mn,Te  layers  are 
shown  in  fig.  1.  In  contrast  to  what  was  observed 
in  CdTe  films  only  one  strong  but  broader  p>eak  is 
observed.  For  curve  la  the  observed  p>eak  is 
centered  at  an  energy  of  1.802  eV  and  has  a  full 
width  at  half  maximum  (FWHM)  of  12.0  meV,  a 
value  comparable  to  those  observed  in  bulk 
Cd,  ,Mn,Te  with  a  similar  Mn  concentration 
[29.30].  The  observed  peak  corresponds  to  recom¬ 
binations  of  excitons  localized  near  magnetic 
fluctuations  of  the  magnetic  Mn^”^  ions  (29J.  The 
value  of  X  was  determined  to  be  0.13  in  this  film. 
As  the  MnTe  concentration  is  increased  the 


FWHM  of  the  dominant  peaks  also  increases  as 
evidenced  from  curves  lb  and  Ic.  The  peak  posi¬ 
tions  and  FWHM  are  1.874  eV  and  23.3  meV  for 
curve  lb  and  2.161  eV  and  34.3  meV  for  curve  Ic, 
respectively.  In  addition,  broader  peaks  at  lower 
energies  appear,  which  have  been  attributed  to  the 
formation  of  bound  magnetic  polarons  around  the 
acceptor  site  [29].  Introduction  of  superlattice 
buffer  of  CdTe-CdMnTe  at  the  interface  between 
the  CdTe  and  CdMnTe  films  seemed  to  slightly 
increase  the  luminescence  efficiency  but  did  not 
affect  the  FWHM.  The  increase  of  FWHM  as  a 
function  of  MnTe  percentage  in  CdMnTe  is  shown 
in  fig.  2,  which  shows  an  almost  constant  slope  of 
increase.  It  is  noticed  that  these  CdMnTe  films 
have  luminescence  efficiencies  almost  as  high  as 
those  of  the  CdTe  films  and  no  other  appreciable 
impurity-  or  defect-related  peaks  at  lower  energies 
were  observed.  The  magnetic  behavior  of  the  films 
was  also  confirmed  by  the  magnetic  susceptibility 
measurement  to  be  the  .same  as  that  of  bulk 
crystals. 

2..1.  CdMnTe  heterostructures 

The  results  described  above  show  that  high-qu¬ 
ality  CdTe  and  Cd,.  ,Mn,Te  can  be  grown  by 
MBE.  which  is  the  necessary  step  towards  achiev¬ 
ing  high-quality  Cd,  .  ,Mn  ,Te-Cd, .  ,  Mn,Te  het¬ 
erostructures.  In  order  to  explore  the  para- 
magnetic-spin-glass  region  of  the  phase  diagram, 
the  magnetic  concentrations,  .v  and  y.  were  varied 
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Fig.  2.  The  FWHM  of  the  dominant  peak  of  CdMnTe  at  5  K 
as  a  function  of  the  MnTe  concentration. 
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from  0%  to  40%.  The  thickness  of  each  layer 
ranged  from  20  to  200  A. 

The  X-ray  diffraction  pattern  in  the  vicinity  of 
the  CdTe  (111)  reflection  of  a  25  period  Cdo,,, 
Mn^  ,,Te-Cdo.f,5Mno,,sTe  superlattices  is  shown 
in  fig.  3.  The  nominal  thicknesses  of  both  the  wells 
and  the  barriers  are  108  A.  The  thickness  of  CdTe 
buffer  in  this  sample  was  increased  to  2  /im.  As  in 
the  case  of  GaAs-ALAs  SLs  [23,31.32]  and  CdTe- 
Cd„xMni;;Te  SLs  [3]  several  diffraction  peaks  as¬ 
sociated  with  the  SL  are  observed.  The  strong 
zero-order  reflection  from  the  SL  occurs  at  S  = 
11.911°  and  almost  coincides  with  the  slightly 
stronger  (111)  reflection  from  the  CdTe  buffer 
layer  at  ff  =  11.848°.  The  weaker  superlattice  re¬ 
flections  on  the  high-angle  side  are  designated  as 
-t-1.  -t-2.  and  +3  satellites  and  those  on  the 
low-angle  side  as  -1.  -2.  and  -3  satellites.  The 
periodicity  of  SL  determined  from  the  angular 
positions  of  the  peaks  was  220  A  [32],  very  close  to 
the  nominal  value  de.signed  from  the  growth  rate 
measurements.  The  perpendicular  lattice  constant 
of  this  CdMnTe  SL  is  smaller  than  that  of  the 
CdTe  buffer  layer  and  the  lattice  mismatch  of  the 
two  determined  from  the  peak  positions  is  -0.5%, 
in  contrast  to  the  case  of  CdTe-Cd„«Mn,| Te  SL 
(3|. 

The  PL  spectra  at  5  K  of  two  CdMnTe  SLs  are 
shown  in  fig.  4.  In  fig.  4a  the  CdonxM^to  i;Te- 
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Fig.  The  X-ray  diffraction  pattern  (S-2S  scan)  of  a  25 
period  CdiiHvMiijDTedOS  A)-Cd,|ft,Mn„ i^TetSh  A)  diluted 
magnetic  semiconductor  superlattice  in  the  vicinity  of  the 
CdTeflll)  reflection.  The  X-ray  energy  and  intensity  used 
were  50  kV  and  60  mA.  respectively. 


Fig.  4.  (a)  The  PL  spectrum  of  a  60  period  CdnunMn,,  |,Te(41 
A)-Cd,)^5  Mno35Te(86  A)  SLi  (b)  same  sample  configuration, 
but  the  MnTe  concentration  in  the  well  was  increased  to  22^. 


Cd„^jMn,|  jsTe  SL  has  a  well  and  barrier  thick¬ 
ness  of  41  and  86  A.  respectively.  The  spectrum 
shows  a  strong  and  dominant  peak  at  1.846  eV 
with  a  FWHM  of  26.6  meV.  When  the  Mn  con¬ 
centration  in  the  well  is  increased  to  22%.  the  PL 
.spectrum,  shown  in  fig.  4b.  is  still  dominated  by  a 
strong  peak  at  a  higher  energy  of  1.987  with  a 
FWHM  of  26.8  meV.  The  blue  shift  of  the  peaks 
relative  to  those  of  the  Cdo^^Mn,,  ,,Te-Cd«7x 
Mn„,2Te  indicates  the  quantum  confinement  of 
charge  carriers  in  those  wells.  Although  the  excita¬ 
tion  source  employed  has  an  energy  larger  than 
the  bandgap  of  either  wells  or  Cdo(,5Mn„  j^Te 
barriers  at  this  temperature,  no  other  peaks  with 
appreciable  intensities  were  observed,  similar  to 
tho.se  observed  in  Ga,  ^  ,Al  .As-GaAs  SLs. 


3.  Novel  properties  of  CdMnTe  heterostructures 

The  DMS  CdMnTe  heterostructures  exhibited 
interesting  and  novel  magnetic  behavior  and  three 
examples  are  described  in  the  following.  The  first 
concerns  the  intrinsic  magnetic  behavior  of  the 
DMS  SLs,  while  the  remaining  two  exploit  the 
strong  spin-spin  exchange  interaction  between  the 
charge  carriers  and  local  magnetic  moments  of 
Mn’*  ions. 

JJ.  Dimensional  cross-over  studies 

Enormous  theoretical  effort  has  been  expended 
on  the  role  of  dimensionality  for  spin-glasses  and 
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1  ig  5.  Magnetic  suhceplibility  of  C'd|,,Mn„  .Te- CdTe  superlallicec  with  86  A  C'dTe  layers  and  (a)  magnetic  layer  thickness  i  -  86 
A,  25  periods,  (b)  magnetic  layer  lhicknes.s  /,  =  40  .A.  50  period.s.  and  (c)  magnetic  layer  thickness  I.  =  20  A.  100  periods.  The  vertical 

scale  markers  correspond  to  2  x  It)  ''  emu /g. 


the  question  of  the  lower  critical  dimension  (the 
dimension  below  which  systems  cannot  support 
long-range  .spin-glass  order)  [33].  Our  results,  in 
the  following,  on  .spin-glass  behavior  in  the  DMS 
CdMnTe-CdTe  SLs.  as  the  magnetic  layer  thick¬ 
ness  is  systematically  reduced  towards  the  two-di¬ 
mensional  (2D)  limit,  suggest  that  the  3D  system 
can  support  long-range  spin-glass  order  at  finite 
temperatures,  but  that  the  2D  system  cannot. 
These  data  are  consistent  with  theoretical  expecta¬ 
tions  that  the  lowest  critical  dimension  for  spin- 
glasses  is  greater  than  or  equal  to  two  [33). 

Examples  of  the  magnetic  measurements  may 
be  seen  in  fig.  5.  showing  the  AC  magnetic  sus¬ 
ceptibility  of  Cd„soMnn2oT^®“CdTe  superiattices 
with  systematically  thinner  magnetic  layers.  The 
thickness  of  the  nonmagnetic  CdTe  was  kept  con¬ 
stant  at  86  A,  whereas  that  of  the  magnetic 
Cd|  ,Mn,Te  was  varied  from  86  to  18  A.  The 
data  for  the  geometry  of  fig.  5a  yields  results 
which  are  similar  to  those  obtained  from  bulk 


Cdj  .  ,Mn,Te  crystals  of  the  same  Mn  dilution, 
showing  a  cusp  at  the  spin-glass  transition  temper¬ 
ature  of  =  3.8  K  and  a  l/T  divergences  in  the 
lower  temperatures  [34]. 

As  the  width  of  the  magnetic  layer  is  reduced 
by  a  factor  of  two.  but  still  above  the  magnetic 
percolation  threshold  for  this  geometry  [7],  the 
magnetic  response  is  considerably  different,  as 
shown  in  fig.  5b.  This  thinner  40  A  layer  shows  a 
rounding  and  broadening  of  the  transition  at  T^. 
consistent  with  there  being  no  true  spin-glass  order 
in  two-dimensional  systems.  The  rounded  maxi¬ 
mum  signals  the  development  of  significant 
short-range  order,  but  its  broadness  implies  that 
the  establishment  of  long-range  order  has  been 
blocked.  This  therefore  suggests  that  the  ab.sence 
of  a  spin-gla.ss  transition  in  fig.  5b  reflects  the 
inability  of  the  2D  system  to  support  .spin-gla.ss 
order. 

Data  taken  for  a  still  thinner  .sample  are  shown 
in  fig.  5c.  Here  even  the  broadened  maximum  of 
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fig.  5b  has  disappeared;  the  susceptibility  in¬ 
creases  monotonically  with  decreasing  tempera¬ 
ture.  demonstrating  the  limited  capacity  of  these 
thin  layers  to  sustain  even  short-range  order  in  the 
temperature  range  studied.  Again,  this  system  is 
close  to  but  still  above  its  percolation  threshold 
and  so  one  cannot  expect  a  transition  to  occur 
except  at  extremely  low  temperatures.  Further¬ 
more,  a  hysteresis  behavior  is  observed  only  in 
these  thinnest  samples,  suggesting  that  its  occur¬ 
rence  is  associated  with  this  system’s  reduced 
capacity  to  sustain  even  short-range  order  in  equi¬ 
librium  near  the  bulk 

J.2.  Magnetic  manifestation  of  carrier  confinement 

The  carrier  confinement  in  CdMnTe  quantum 
wells  can  be  revealed  not  only  by  traditional 
methods  of  studies  such  as  optical  absorption,  PL, 
and  PLE  measurements,  but  also  by  the  study  of 
the  optically  induced  magnetism  in  these  systems. 
Tlie  magnetism  is  induced  by  the  spin-polarized 
carriers,  created  by  circularly-polarized  laser  light, 
through  the  local  spin- spin  exchange  interaction 
with  the  magnetic  moments.  The  regions  of  mag¬ 
netization.  therefore,  match  the  spatial  extent  of 
the  carrier  wavefunctions.  which  can  be  easily 
varied  by  changing  the  width  of  the  quantum  well 
or  by  exciting  the  carriers  into  higher  quantum 
levels. 

Shown  in  fig.  6  are  the  magnetic  data  of  three 
quantum  wells  with  systematically-reduced  well 
widths  [8].  The  optical  excitation  is  in  the  form  of 
picosecond  pulses  from  a  tunable  dye  laser  syn¬ 
chronously  pumped  by  a  frequency-doubled, 
mode-locked  Nd-YAG  laser  and  the  data  is 
time-averaged.  There  is  an  increase  in  the  mag¬ 
netic  response  when  the  pumping  energy  coincides 
with  the  er.citonic  energy  of  the  levels.  In  the 
sample  with  84  A  well  width  (fig.  6a),  the  effect  of 
the  quantum  levels  is  clearly  seen,  with  definite 
peaks  at  about  1.75  and  1.88  eV  and  a  weaker 
feature  at  1.98  eV,  approximately  the  energies 
calculated  from  a  simple  Kronig- Penney  model 
for  excitons  associated  with  n  =  1,  2.  and  3  sub¬ 
bands.  For  samples  with  narrower  well  widths  the 
number  of  peaks  is  reduced  and  the  peak  energies 
shift  to  relatively  higher  energies  as  expected. 


Cd  gjsMn  ogjTe-Cd  62W^.3g^®' 
(a)  L,  =  84  A  !t=455.5  mK  Lg  =  84  A 


(b)  L,  =  42  A 


(c)  U  =  21  i 


1,6 


1.8  1.9 

Energy  (eV) 


Fig.  6.  Magnetic  response  as  a  function  of  pumping  energy  of  3 
Cd„„,Mnn,i^5Te-Cd|,^,Mn„  ,sTe  superlattices  with  fixed  bar¬ 
rier  thickness  of  86  A  and  vary  ing  well  thickness. 


3.3.  Magnetic-field-induced  type  I  to  type  II  transi¬ 
tion 

The  exchange  interaction  between  the  magnetic 
ions  and  carriers  in  DMS  leads  to  a  large  spin 
splitting  in  these  materials  with  the  applied  mag¬ 
netic  fields.  B  [35].  This  effect  and  the  possible 
small  value  of  the  valence  band  offset  lead  to 
the  observation  of  a  type  1  to  type  II  SL  transition 
as  induced  by  the  magnetic  fields  in  ZnSe-ZnFeSe 
[36]  and  CdTe-CdMnTe  SLs  [37].  In  the  former  a 
very  small  and  a  large  strain  made  the  .sys¬ 
tem  a  Type  II  SL  at  fl  =  0.  In  the  latter,  for 
example,  a  25  period  CdTe(86  A)-Cdo93Mno,o7 
Te(86  A)  SL,  the  experimental  results  from  PL, 
PLE,  and  reflectivity  measurements  and  theoreti¬ 
cal  calculation  indicated  that  the  SL  was  of  type  I 
at  B  =  0.  As  B  was  gradually  increased  a  well- 
marked  bump  in  the  field-dependence  of  the  o*- 
component  of  the  fundamental  E,-HH,  excitonic 
transition  and  a  break  in  the  variation  of  the 
associated  luminescence  efficiency  revealed  that 
the  SL  became  a  type  II  at  approximately  S  =  2  T. 
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Based  on  these  experimental  results  a  theoretical 
calculation,  taking  into  account  the  change  in 
excitonic  binding  energy  with  B,  obtained  a  value 
of  AE^/AE^  =  15-20%  at  fl  =  0,  where  AE^  is  the 
bandgap  difference  between  CdTe  and 
Cd  ,j  9j  Mn 


4.  Summary 

The  Cdi_,MnJe-Cd,.,Mn,Te  DMS  SLs 
grown  by  MBE  were  shown  to  exhibit  excellent 
structural  and  optical  qualities  for  various  mag¬ 
netic  concentrations  and  magnetic  layer  thick¬ 
nesses.  Tuning  these  two  magnetic  layer  parame¬ 
ters  allowed  the  study  of  magnetic  behavior  in 
systems  of  reduced  dimensions.  Among  the  exam¬ 
ples  mentioned  are  the  dimensional  crossover 
studies  of  the  spin-glass  transition,  magnetic 
manifestation  of  carrier  confinement,  and  type  1 
to  type  II  SL  transition  as  induced  by  the  mag¬ 
netic  field. 
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Evaluation  of  a  new  plasma  source  for  molecular  beam  epitaxial 
growth  of  InN  and  GaN  films 

W.E.  Hoke.  P.J.  Lemonias  and  D.G.  Weir 

Raytheon  Research  Division.  Lexington.  Massachusetts  02173.  USA 


An  RF  plasma  source  has  been  integrated  into  a  molecular  beam  epitaxial  system  for  growth  of  nitride  films.  Using  an  optical 
detector  on  the  source,  the  presence  of  nitrogen  atoms  in  the  N2  plasma  region  is  deduced  as  a  function  of  operating  conditions.  The 
plasma  source  has  been  used  to  grow  hexagonal  wurtzite  films  of  InN  and  GaN.  The  film-substrate  interface  is  more  abrupt  for  GaN 
than  InN  film.s.  For  .site  competition  the  active  nitrogen  species  from  the  plasma  is  found  to  incorporate  more  readily  than  As^. 


1.  Introduction 

Of  the  variou.s  III-V  compound  systems,  the 
nitride  system  is  one  of  the  least  developed.  How¬ 
ever.  column  Ill-nitrides  have  attractive  material 
properties.  For  example.  st  of  the  compounds 
are  direct  .semiconductors  and  have  large  band- 
gaps.  Consequently  the  potential  for  various  opti¬ 
cal  applications  is  present.  Also  InN  has  been 
reported  by  one  group  (1)  to  have  a  relatively  high 
electron  mobility  for  its  bandgap  of  1.9  eV.  How¬ 
ever.  InN  is  a  difficult  material  to  prepare  due  to 
it.s  low  thermal  stability.  The  material  decomposes 
at  500 °C  in  a  Ni  ambient  [2]  and  at  300° C  in  air 
[3j.  Consequently  low'  growth  temperatures  are 
required  with  a  reactive  nitrogen  species  pre.senl. 
Film  growth  with  NH,  or  amine  compounds  is 
made  difficult  by  the  relatively  high  thc.mal  sta¬ 
bility  of  these  compounds  at  low  temperatures. 
Also  the  presence  of  a  reactive  nitrogen  species 
complicates  material  growth  in  reactor  systems 
operated  near  atmospheric  pressure  due  to  gas 
phase  reactions. 

InN  films  have  been  deposited  using  Nj  plas¬ 
mas  directly  [4-7]  as  well  as  RF  sputtering  (1.8- 
10].  In  this  work  we  examine  the  nitriding  capabil¬ 
ities  of  a  new  radical  source  for  growth  of  InN 
and  GaN  films.  The  source  utilizes  an  RF  plasma 
and  is  compatible  with  molecular  beam  epitaxy 
(MBE)  technology. 


2.  Experimental 

The  nitride  films  were  grown  in  a  diffusion 
pumped  VG-80H  MBE  machine  which  was  con¬ 
tinuously  cooled  with  LN^.  Standard  high  purity 
solid  sources  w'ere  used  for  gallium,  indium,  and 
arsenic.  High  purity  N,.  Ar.  and/or  Hj  were 
flowed  through  the  plasma  source  mounted  on  the 
growth  chamber.  For  a  nitrogen  flow  of  10  SCCM 
the  system  pumping  speed  produced  a  chamber 
pressure  of  2x10'“'  Torr.  The  corresponding 
mean  free  path  at  room  temperature  for  N,  is  25 
cm. 

A  major  challenge  in  the  growth  of  nitride  films 
is  the  generation  of  a  sufficient  flux  of  reactive 
nitrogen  species.  In  this  work  an  Oxford  Applied 
Research  radical  source  (Model  MPD21S)  shown 
in  fig.  1  was  used  as  a  remote  nitrogen  plasma 
source.  The  source  operates  at  13.56  MHz  with  a 
maximum  power  of  500  W.  The  bakable  radical 
source  is  conflat  flange  mounted  in  an  MBE  fur¬ 
nace  port  with  the  conventional  distance  of  15  cm 
between  the  end  of  the  radical  source  and  the 
substrate.  To  minimize  contamination  of  III-V 
films  the  discharge  is  electrodeless  and  the  plasma 
is  contained  in  a  PBN  (pyrolytic  boron  nitride) 
discharge  tube  capped  with  a  PBN  exit  plate. 
Since  the  plasma  is  at  the  end  of  the  radical 
source,  recombination  of  excited  species  is  re¬ 
duced.  An  important  feature  of  the  design  is  that  a 
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Fig.  I,  Schcniain.  of  MBF  compalible  radical  source. 


•Mlicon  photodiode  site.s  down  the  center  of  the 
pla.sma  to  detect  radiation  coming  from  the  plasma 
region.  Due  t*)  the  higher  plasma  pressures  the 
radical  source  produces  considerably  fewer  ions 
than  an  EC'R  source.  It  is  alsci  (css  expensive. 

Nitride  films  were  deptxsiied  on  GaPilll). 
GaAst  UK)),  and  CiaA.sdll)  substrates.  Prior  to 
growth  the  substrates  were  heated  in  an  arsenic 
flux  to  remove  the  surface  oxides.  For  substrate 
temperatures  above  450 'C,  an  Ircon  Model  V 
pyrometer  was  used  to  measure  temperature.  Be¬ 
low  450  °C'  the  substrate  temperatures  are  esti¬ 
mates  based  on  the  correlation  at  higher  tempera¬ 
tures  between  the  substrate  thermocouple  temper¬ 
atures  and  pvTomeler  readings. 

3.  Plasma  operating  characteristics 

The  radical  sriurcc  has  been  u.sed  to  create 
plasmas  in  N^,  Ar,  H..  and  various  mixtures  of 
these  gases.  The  plasmas  arc  contained  in  the 
discharge  tube  and  do  not  extend  into  the  growth 
chamber.  Two  beam  exit  plates  were  used  with 
conductances  of  .1.4  and  10  L/s.  With  on-flange 
tuning  nitrogen  plasmas  could  be  matched  with 
less  than  1  W  reflected  power.  No  perturbation  of 
nearby  thermcKouple  readings  or  temperature 
control  circuitry  has  been  ob.served  with  input 
powers  up  to  5(K)  W. 


Various  studies  on  nitrogen  plasmas  have  shown 
that  nitrogen  atoms  are  predominantly  produced 
in  the  ground  state  [11].  These  atoms  can  then 
recombine  to  form  an  excited  N.  molecule  with 
internal  energy  nearly  10  eV  aboxe  the  ground 
electronic  slate.  An  important  relaxation  pathway 
involves  the  allowed  B’ll^ -•  .A'i'J  transitions 
which  produce  the  yellow  Lew  is  -  Rayleigh  after- 
gh>w  with  the  strongest  emission  line  at  5820  .A. 
Neglecting  temperature  ffects.  the  intensity  of 
this  afterglow  has  been  shown  to  be  proportional 
to  the  pressure.  P.  and  the  square  of  the  ground 
state  atomic  nitrogen  concentration.  [.V'C^S)]  (see 
refs.  (11,12)): 

/a  [.VC'S)! -'P,  (1) 

Consistent  with  this  relationship  is  the  observation 
that  B7/j,  -♦  A'2.’J  transitions  (5000  7000  A)  were 
nccessarv  for  plasma  deposition  of  silicon  nitride 
1 1.1). 

The  capability  of  the  radical  source  for  produc¬ 
ing  ground  slate  nitrogen  atoms  was  qualitatively 
examined  using  the  optical  detector.  Filters  were 
placed  in  front  of  the  detector  so  that  the  5000 
7000  A  emission  band  was  measured  as  a  function 
of  nitrogen  flow  and  input  power.  In  fig,  2  are 
plotted  the  detected  emission  signal  as  a  function 
of  flow  rate  at  .150  vV  input  power  for  the  two 
orifices.  For  the  1.4  L/s  orifice,  the  emission 
initially  increases  rapidly  with  flow  and  then  he- 


1026 


W.E.  Hoke  et  ai  /  New  plasma  source  for  MBE  growth  of  InN  and  GaN  films 


gins  to  level  off  at  roughly  12  SCCM.  The  corre¬ 
sponding  curve  for  the  10  L/s  orifice  is  skewed  to 
higher  flows  since  the  increased  conductance  re¬ 
duces  the  pressure  and  consequently  the  recombi¬ 
nation  rate  in  the  plasma.  Evidence  of  reduced 
recombination  can  actually  be  observed.  With  the 
10  L/s  orifice,  a  purplish-blue  fluorescence  from 
an  excited  species  is  observed  in  the  growth  cham¬ 
ber  which  is  only  very  weakly  seen  with  the  3.4 
L/s  orifice. 

The  power  dependence  of  the  emission  is  also 
given  in  fig.  2  for  the  lower  conductance  orifice 
and  a  N,  flow  of  10  SCCM.  Below  approximately 
80  W  the  plasma  is  not  stable  resulting  in  low 
emission.  Above  80  W  the  intensity  initially  rises 
rapidly  and  then  begins  to  level  off.  From  eq.  (1) 
and  the  data  in  fig.  2.  the  estimated  atomic  nitro¬ 
gen  concentration  at  250  W  is  approximately  80% 
of  that  at  500  W.  A  similar  power  dependence 
curve  is  obtained  for  the  10  L/s  orifice. 

The  pre.sence  of  ions  in  the  radical  beam  was 
al.so  examined.  A  3l  inch  diameter  tantalum  disc 
was  mounted  on  the  substrate  manipulator  and 


used  as  a  Faraday  cup.  With  the  3.4  L/s  orifice, 
10  SCCM  flow  of  Nj,  and  400  W  power,  a  small 
negative  current  of  10  fiA  was  measured.  How¬ 
ever,  under  the  same  conditions  with  the  10  L/s 
orifice  a  positive  current  of  200  ft  A  was  observed 
which  increased  with  increasing  input  power.  A 
likely  explanation  is  that  the  lower  plasma  pres¬ 
sure  with  the  10  L/s  orifice  reduces  the  recombi¬ 
nation  of  Nj*^  ions.  The  presence  of  ions  is 
often  observed  in  nitrogen  discharge  [11].  Con¬ 
sistent  with  this  explanation  is  that  the  ion  current 
is  reduced  with  increasing  flow  rate  and  thus 
plasma  pressure.  These  results  indicate  that  orifice 
size  has  an  important  effect  on  recombination  of 
atoms  and  ions.  However,  the  ion  densities  mea¬ 
sured  here  (less  than  0.1%)  are  still  considerably 
less  than  that  obtained  with  an  ECR  source. 


4.  Nitride  film  growth 

Due  to  the  above  mentioned  thermal  instability 
of  InN.  growth  of  InN  is  a  critical  test  of  the 
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Fig.  2.  Detected  enii5.sion  signal  (5000-7000  A  wavelength  hand)  at  .150  W  power  as  a  function  of  flow  for  the  .1.4  L/s  orifice  (•)  and 
the  10  L/s  orifice  (□).  Detected  emission  signal  as  a  function  of  input  power  (  »  )  for  the  .1.4  I  /s  orifice  at  10  SCCM  N,  ilow. 


RELATIVE  DIFFRACTION  INTENSITY  RELATIVE  DIFFRACTION  INTENSITY 


W.E.  Hoke  et  ai  /  New  plasma  source  for  MBE  growth  of  InN  and  GaN  films 


1027 


20  30  40  SO  60  70  80 


2e  (DIFFRACTION  ANGLE) 

Fig.  X-ray  dirfraclliin  spectra  of  a  (1)  5000  A  InN  film  on 
CiaP(lll)  and  (hi  5000  A  GaN  film  on  GaAsdOO)  substrate. 
For  clarity  the  substrate  diffraction  peaks  have  been  attenuated. 

radical  source’s  capability  for  production  of  suffi¬ 
cient  fluxes  of  reactive  nitrogen  atoms  and  mole¬ 
cules.  Initial  InN  runs  were  made  with  the  lower 
conductance  orifice  at  300-400 °C  and  10-30 
SCCM  flow  of  Nt.  The  X-ray  spectra  of  the  films 
indicated  powder-like  InN  films  with  (101),  (110), 
(102),  and  (103)  reflections  ob.served.  By  changing 
the  orifice  to  10  L/s  film  quality  significantly 
improved.  Fig.  3a  is  an  X-ray  spectrum  using  Cu 
Ka  radiation  of  a  5000  A  InN  film  grown  on 
(111)  GaP.  The  film  was  deposited  at  350 °C  with 
a  N,  flow  of  30  SCCM  and  a  growth  rate  of  0.25 
fim/h.  The  InN  film  has  the  hexagonal  wurtzite 
crystal  structure  with  the  c-axis  perpendicular  to 
the  film  surface.  Only  the  InN  (002)  and  (004) 
planes  are  observed.  The  reason  for  the  improve¬ 
ment  in  film  quality  is  probably  due  to  the  re¬ 
duced  recombination  in  the  plasma  source  with 


the  higher  conductance  orifice.  Hexagonal  InN 
films  were  also  grown  on  GaAs  (111)  and  (100) 
substrates.  Due  to  the  significant  lattice  mismatch 
between  substrate  and  film  the  narrowest  X-ray 
linewidth  for  these  initial  InN  films  was  0.7°. 
Improvements  in  crystal  quality  should  be  possi¬ 
ble  for  thicker  films  grown  or.  sapphire  substrates 
with  an  AIN  buffer  layer  [14J. 

The  effect  of  substrate  temperature  on  InN 
growth  was  examined  using  the  10  L/s  orifice. 
Typical  growth  conditions  were  a  nitrogen  flow  of 
30  SCCM,  plasma  power  of  350  W,  and  indium 
flux  resulting  in  a  growth  rate  of  0.25  /xm/h.  (The 
reactive  nitrogen  flux  from  the  plasma  at  5  SCCM 
is  sufficient  for  InN  growth.  The  effect  of  the 
lower  flows  on  InN  film  properties  has  not  been 
studied  yet.)  Under  these  growth  conditions  InN 
films  were  deposited  from  approximately  80  to 
450° C.  The  smoothest  surface  morphology  was 
obtained  at  350  °C  with  the  red-tinted  films  being 
quite  reflective  to  the  eye.  The  surface  morphology 
became  increasingly  rougher  in  going  from  400- 
450  °C.  Fig.  4a  is  an  Auger  depth  profile  of  a  5000 
.•\  InN  film  grown  on  a  GaP  substrate  at  350  °C 
for  2  h.  The  nitrogen  content  is  not  profiled  due  to 
interference  with  the  strong  indium  Auger  signal. 
Some  interdiffusion  at  the  substrate- film  interface 
is  indicated  in  fig.  4a. 

The  growth  of  GaN  films  was  examined.  Due 
to  the  stronger  gallium-nitrogen  bond  and  related 
higher  thermal  stability  of  GaN  compared  to  InN, 
the  nitrogen  flow  requirements  were  less  for  GaN 
growth  than  InN  growth.  Also,  GaN  films  could 
be  more  readily  obtained  with  the  3  L/s  orifice. 
An  X-ray  diffraction  spectrum  is  given  in  fig.  3b 
of  a  GaN  film  grown  with  the  10  L/s  orifice  at 
600  °C  and  only  1  SCCM  of  nitrogen  diluted  in 
argon.  The  (002)  and  (004)  diffraction  peaks  indi¬ 
cate  that  the  film  has  the  hexagonal  wurtzite  crystal 
structure  with  the  r-axis  normal  to  the  film  surface. 
An  Auger  depth  profile  is  given  in  fig.  4b  of  the 
5000  A  thick  film  which  was  grown  for  21  h  at 
600  °C  on  a  GaAs  .substrate.  The  substrate- film 
interface  is  quite  abrupt  and  much  sharper  than 
that  obtained  with  InN  despite  the  considerably 
higher  growth  temperature.  The  higher  strength  of 
Ga~N  bonds  compared  to  In-N  bonds  may  be  a 
primary  reason  for  this  result. 
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F  jg.  4  Auger  depth  profile  of  a  (a)  5000  A  InN  film  on  a 
(ijP(lll)  suhsiraie  and  (b)  5(XK)  A  CiaN  film  on  a  CiaAs(I(K0 
suh^lrale. 

A  final  growth  experiment  investigated  the  rela¬ 
tive  reactivity  of  the  active  nitrogen  derived  from 
the  plasma  source  and  As,,  which  is  more  reactive 
than  AS4.  A  film  was  grown  at  600° C  with  gal¬ 
lium  and  As,  fluxes  directed  at  the  substrate  and 
with  1  SCCM  N,  flow  through  the  plasma.  The 
As,  flux  was  sufficient  for  GaAs  growth.  From 


X-ray  diffraction  measurements  the  resulting  film 
was  determined  to  be  GaN  indicating  the  highly 
reactive  nature  of  active  nitrogen  species. 

In  conclusion  a  new  plasma  source  has  been 
integrated  into  an  MBE  machine  for  growth  of 
hexagonal  InN  and  GaN  films.  Using  an  optical 
detector  the  presence  of  nitrogen  atoms  has  been 
examined  as  a  function  of  operating  conditions. 
The  plasma  orifice  size  has  an  important  effect  on 
recombination  of  atoms  and  ions  which  affects 
nitride  film  growth.  Film -substrate  interdiffusion 
is  observ'ed  to  be  significantly  less  for  GaN  as 
compared  to  InN.  The  active  nitrogen  is  found  to 
be  considerably  more  reactive  than  As,. 
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Heteroepitaxial  growth  by  Van  der  Waals  interaction  in  one-,  two- 
and  three-dimensional  materials 

Atsushi  Koma,  Keiji  Ueno  and  Koichiro  Saiki 
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The  lattice  matching  condition  usually  encountered  in  heteroepitaxial  growth  has  been  found  to  be  relaxed  greatly  when  the 
interface  between  constituent  materials  has  Van  der  Waals  nature  and  forms  no  direct  chemical  bonds.  Layered  transition  metal 
dichalcogenides  are  the  typical  materials  having  that  nature,  and  a  variety  of  heterostructures  can  be  grown  by  using  them.  This  kind 
of  approach  has  been  proved  to  be  applied  also  to  heteroepitaxial  growth  between  such  quasi-one-dimensional  materials  as  tellurium 
and  selenium,  that  onto  dangling-bond  terminated  three-dimensional  material  substrates,  and  that  of  organic  materials  forming  Van 
der  Waals  type  crystals. 


1.  introduction 

Molecular  beam  epitaxy  has  opened  a  new  way 
to  grow  ultrathin  heterostructures  with  atomic 
order  thickness,  hut  so  far  good  heterostructures 
can  be  grown  only  between  very  limited  combina¬ 
tions  of  constituent  materials  because  of  the  severe 
lattice  matching  condition  to  be  .satisfied.  This 
comes  from  the  fact  that  there  are  usually  dan¬ 
gling  bonds  on  the  surface  of  a  substrate  material 
and  that  those  dangling  bonds  can  not  be  con¬ 
nected  to  the  atoms  of  grown  materials  without 
good  lattice  matching  between  the  substrate  and 
the  grown  materials  (see  fig.  la).  The  lattice 
matching  condition,  however,  has  been  found  to 
be  greatly  relaxed,  when  the  heteroepitaxial  growth 
proceeds  with  Van  der  Waals  interaction.  A  typi¬ 
cal  example  is  the  growth  of  a  layered  material 
onto  a  cleaved  face  of  the  other  layered  material 
having  no  dangling  bonds  (see  fig.  lb).  We  have 
called  that  type  of  epitaxy  Van  der  Waals  epitaxy 
[1-41.  It  ha.s  been  proved  that  an  ultrathin  film 
with  its  own  lattice  constant  can  be  grown  by  the 
Van  der  Waals  epitaxy  even  under  the  existence  of 
lattice  mismatch  as  large  as  50%.  It  has  also  been 
shown  that  a  very  abrupt  interface  with  small 
amounts  of  defects  can  be  fabricated  by  Van  der 
Waals  epitaxy  because  of  the  nonexistence  of  the 
dangling  bonds  [5].  As  will  be  shown  in  the  follow¬ 


ing.  the  idea  of  Van  der  Waals  epitaxy  can  be 
applied  to  rather  a  wide  choice  of  materials,  indi¬ 
cating  its  usefulness  to  realize  various  kinds  of 
heterostructures. 


2.  Materials  to  which  Van  der  Waals  epitaxy  is 
applicable 

Table  1  shows  a  variety  of  materials  to  which 
we  have  proved  Van  der  Waals  epitaxy  is  applica¬ 
ble.  The  materials  extend  from  quasi-one-dimen- 
sional  ones  to  three-dimensional  ones. 

2.1.  Quasi-one  dimemional  materials 

Selenium  and  tellurium  are  column  VI  element 
.semiconductors  and  have  peculiar  crystal  struc¬ 
tures  consisting  of  atoms  in  spiral  chains.  The 
atoms  in  a  chain  are  bound  to  each  other  with 
strong  covalent  force.s.  whereas  the  chains  are  held 
together  only  via  weak  Van  der  Waals  forces. 
Thus  they  are  considered  as  quasi-one-dimen- 
.sional  ones  in  the  sen.se  that  the  atoms  are  strongly 
bound  to  each  other  only  in  one  direction.  The 
crystal  can  be  cleaved  easily  along  the  chains 
without  producing  dangling  bonds  on  their 
surfaces,  onto  which  Van  der  Waals  epitaxy  is 
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Fig.  1.  Interfaces  connected  by  (a)  active  bonds,  (b)  Van  der 
Waals  gap.  and  (c)  quasi  Van  der  Waals  gap. 


po.ssible.  Although  the  lattice  mismatch  along  the 
c-axis  (the  chain  axis)  is  as  large  as  20%,  ultrathin 
selenium  film  of  good  quality/  has  been  proved  to 
grow  on  a  cleaved  face  of  tellurium  [6].  Recently 
we  have  also  succeeded  in  growing  heterostruc¬ 
tures  of  Te/Se/Te. 

2.2.  Quasi -two-dimensional  materials  (layered 
materials) 

Transition  metal  dichalcogenides  (TX,.  T  = 
transition  metal  X  ^  chalcogen)  are  the  most  sui¬ 
table  materials  for  the  Van  der  Waals  epitaxy. 
They  have  layered  crystal  structures,  which  are 


formed  of  unit  layers  consisting  of  transition  metal 
atoms  sandwiched  by  chalcogen  atoms.  Atoms  in 
a  unit  layer  are  bound  to  each  other  by  strong 
covalent  bonds,  whereas  the  layers  are  held  to¬ 
gether  only  via  weak  Van  der  Waals  forces.  Thus 
they  are  easily  cleaved  parallel  to  the  layers,  and 
no  dangling  bonds  appear  on  their  cleaved  surface. 
Therefore  it  is  expected  that  growth  of  a  layered 
material  onto  such  surfaces  proceeds  via  Van  der 
Waals  forces,  resulting  in  the  relaxation  of  the 
lattice  matching  condition.  There  are  such  insula¬ 
tors  as  HfS,,  such  semiconductors  as  MoSj  and 
MoSe^,  and  such  superconducting  metals  as  NbS, 
and  NbScj  among  TX.’s.  So,  the  fabrication  of 
various  kinds  of  heterostructures  using  those  as 
constituent  materials  has  become  a  distinct  possi¬ 
bility.  Van  der  Waals  epitaxy  is  possible  between 
any  combination  of  those  materials. 

Recently,  Van  der  Waals  epitaxial  growth  of 
MoSe2  has  been  successfully  made  on  a  cleaved 
face  of  SnS2  [7),  which  is  also  a  layered  material 
but  different  from  TX2‘s.  Moreover,  it  has  been 
proved  that  MoSe2  and  NbSe2  can  be  grown  on  a 
cleaved  face  of  muscovite,  a  kind  of  mica  [8,9]. 
Although  muscovite  is  a  layered  material,  it  has  a 
much  more  complicated  crystal  structure  than  TX; 
and  its  lattice  constant  is  larger  than  that  of  TX, 
by  50%.  It  is  expected  from  those  facts  that  Van 
der  Waals  epitaxy  is  possible  between  any  layered 
materials  regardless  of  their  crystal  structures  and 
of  their  lattice  Constants. 


Table  I 

Materials  grown  with  Van  Uer  Waals  epitaxy;  TXj  denoted  a 
transition  meta)  dichalcogenide 


Materia)  group 

Materials  grown  with  VdWE 

Ref. 

Qua.si-ID 

■Se/Te 

Te/Se/Ta 

15) 

Quasi-?D 

TXj/TX, 

(1-4) 

TXj/Sni 

[71 

TXj/mica 

18.91 

Qua.'>i'2(J  on  3D 

TXj/S-GaAstni) 

112| 

TXj/CaF,(lU) 

1121 

Organic 

Phthalocyanine/TX , 
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2.3.  Van  der  Waats  epitaxy  onto  dangling-bond- 
terminated  surfaces 

So  far.  Van  der  Waals  epitaxy  has  been  limited 
to  the  heteroepitaxial  growth  between  quasi-one- 
or  quasi-two-dimensional  materials.  If  it  can  be 
applied  to  widely  used  three-dimensional  materi¬ 
als,  its  application  field  will  be  greatly  extended. 
As  is  mentioned  above,  there  appear  dangling 
bonds  on  a  clean  surface  of  an  ordinary  material, 
which  prevents  good  heteroepitaxial  growth  of  a 
layered  material  on  it.  But  growth  with  Van  der 
Waals  forces  becomes  possible  if  regular  termina¬ 
tion  of  the  surface  dangling  bonds  is  accomplished 
as  is  shown  in  fig.  Ic  and  if  it  is  kept  stable  even 
at  high  temperatures  required  for  good  epitaxial 
growth.  Sulfide  treated  GaAs  (111)  surface  seems 
to  be  the  most  suitable  candidate  for  that  purpose, 
since  it  was  found  that  the  surface  dangling  bonds 
are  regularly  terminated  with  sulfur  atoms  up  to 
520  °C  [10],  Epitaxial  growth  of  semiconducting 
MoSe,  and  superconducting  NbScj  on  (NH4);S.,- 
treated  GaAs  (111)  surfaces  have  been  tried  suc¬ 
cessfully  [llj. 

Another  promising  three-dimensional  substrate 
material  is  CaF,.  It  has  been  found  that  the  (111) 
surface  of  CaF,  (cleaved  face)  is  covered  with  F 
atoms  resulting  in  its  very  inactive  nature  (12). 
This  inactive  nature  brings  about  difficulty  in 
good  heteroepitaxial  growth  of  such  a  typical 
three-dimensional  material  as  GaAs  on  it  [131.  but 
it  is  favorable  to  Van  der  Waals  epitaxy  of  a 
layered  material  on  it.  We  have  succeeded  in  grow¬ 
ing  an  ultrathin  film  of  MoSe,  on  a  cleaved  face  of 
CaF,  [14].  CaF,  is  a  well-known  insulating  material 
lattice-matched  to  silicon,  and  good  heteroepi¬ 
taxial  films  can  be  grown  on  Si  [13].  Thus  the 
present  method  makes  it  possible  to  grow  hetero¬ 
epitaxial  layers  of  various  transition  metal  dichal- 
cogenides  on  a  Si(HI)  substrate  by  putting  an 
intermediate  CaF,  layer  between  them. 

2.4.  Organic  materials 

Van  der  Waals  epitaxy  seems  to  have  potential 
application  to  heteroepitaxial  growth  of  organic 
material  thin  films,  because  many  organic  material 
crystallize  with  Van  der  Waals  force.  Very  recently 


we  have  succeeded  to  grow  Pb-.  Cu-  and  VO- 
phthalocyanine  films  on  cleaved  faces  of  M0S2. 
Cu-  and  VO-phthalocyanine  molecules  have  been 
found  to  form  square  lattices  on  cleaved  faces  of 
MoS,,  whereas  Pb-phthalcyanine  forms  rectangu¬ 
lar  lattices.  The  axes  of  those  lattices  align  to  that 
of  hexagonal  lattice  of  MoS,,  which  result  in 
forming  three  equivalent  domains.  This  is  our  first 
application  of  Van  der  Waals  epitaxy  to  organic 
materials,  and  this  type  of  approach  will  be  ex¬ 
tended  to  the  growth  of  thin  films  of  vast  organic 
materials. 


3.  Characterization  of  ultrathin  heterostructures 
grown  with  Van  der  Waals  epitaxy 

In  situ  observations  of  reflection  high  energy- 
electron  diffraction  (RHEED)  have  been  done 
during  the  growth  of  all  materials  mentioned 
above.  The  most  striking  finding  from  the  RHEED 
observation  is  that  the  heteroepitaxially  grown 
film  has  its  own  lattice  constant  even  at  the  inter¬ 
face  with  a  substrate  material  having  large  lattice 
mismatch.  This  is  much  different  from  the  case  of 
strained  superlattice,  in  which  the  lattice  constant 
is  forced  to  be  the  same  as  that  of  a  substrate  [15]. 
Nevertheless,  the  crystal  axes  of  the  grown  film 
and  the  substrate  align  well  to  each  other.  Such 
features  have  also  been  confirmed  by  recent  trans¬ 
mission  electron  microscope  observation  of  a 
MoScj/SnS,  heterostructure  [7],  Thus  the  sub¬ 
strate  and  the  film  grown  on  it  with  Van  der 
Waals  epitaxy  are  usually  incommensurate,  but 
they  are  rotationally-commensurate.  This  is  the 
most  characteristic  feature  of  Van  der  Waals  epi¬ 
taxy,  which  causes  the  relaxation  of  the  lattice 
matching  condition. 

The  abruptness  of  the  interfaces  of  heterostruc- 
lures  grown  with  Van  der  Waals  epitaxy  has  been 
measured  by  non-lestructive  in-depth  profiling  by 
low-energy  electron  energy  loss  spectroscopy  [5]. 
The  interfaces  between  MoSe,/  MoS,  [5], 
MoSe,/CaF,  [14]  and  NbSe,/S-GaAs  [11]  have 
been  found  to  have  abruptness  as  sharp  as  0.1  nm. 

The  top  surfaces  of  heterostructures  grown  with 
Van  der  Waals  epitaxy  are  almost  free  from  con¬ 
tamination.  even  under  atmospheric  pressure,  be- 
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cause  of  the  nonexistence  of  dangling  bonds  on 
them.  This  feature  is  especially  preferable  to  the 
observation  of  their  surfaces  by  a  scanning  tunnel¬ 
ing  microscope  (STM).  Recently,  we  have  suc¬ 
ceeded  to  get  clear  STM  images  of  ultrathin  MoSe^ 
films  on  a  SnSj  [7]  or  a  MoS^  substrate.  In  ad¬ 
dition  to  well-resolved  atom  images,  a  moire-type 
modulation  structure  named  wagon  wheel  struc¬ 
ture  was  observed.  This  structure  has  been  consid¬ 
ered  to  arise  from  abrupt  change  in  the  lattice 
constant  at  the  interface,  which  is  characteristic  of 
Van  der  Waals  epitaxy.  It  has  been  concluded 
from  the  observed  modulation  structure  that  the 
lattice  constant  of  the  grown  film  agrees  with  its 
own  one  within  the  error  of  0.1%  and  that  the 
crystal  axis  of  the  grown  film  aligns  with  that  of 
the  substrate  within  0.1°.  In  the  next  step,  the 
STM  observ'ation  is  expected  to  disclose  the  de¬ 
tails  of  Van  der  Waals  epitaxial  growth  in  atomic 
resolutions. 


4.  Sunmiary 

In  conclusion,  we  have  proved  that  good  qual¬ 
ity  ultrathin  heterostructures  can  be  fabricated  by 
Van  der  Waals  epitaxy  by  using  various  kinds  of 
materials  ranging  from  quasi-one-dimensional  to 
three-dimensional  ones  as  constituents.  The  pres¬ 
ent  technique  has  opened  a  new  way  to  prepare 
many  kinds  of  heterostructures  consisting  of  su¬ 
perconductor.  metal,  semiconductor  or  insulator 
films  with  any  thickness  from  subnanometer  by 
using  a  variety  of  transition  metal  dichalcogenides 
and  other  materials  having  no  dangling  bonds  on 
their  surfaces.  This  methtxl  has  been  found  to  be 
useful  also  in  preparing  organic  thin  films.  It  is 
expected  that  Van  der  Waals  epitaxy  is  especially 
useful  to  create  new  man-made  materials  formed 
of  stacked  ultrathin  films  of  many  kinds  of  materi¬ 
als. 
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The  concept  of  Van  der  Waals  epitaxy  that  has  been  recently  introduced  removes  severe  lattice  matching  requirement  by  using 
materials  which  only  have  strong  bonding  in  two  dimensions.  We  demonstrate  that  an  epilayer  of  MoSe,  deposited  on  various 
substrates  can  produce  films  of  high  crystalline  quality  despite  of  large  mismatch.  RHEED  oscillation,  observed  in-situ  for  growing 
MoSe^  epilayers.  shows  a  laver  by-layer  growth  with  evidence  for  bilayer  type  growth,  from  which  the  2H|,  polytype  is  determined. 
STM  provides  real  space  images  of  the  morphology  of  the  epilayer.  and  shows  novel  structures  resulting  from  the  large  lattice 
mismatch  where  the  epilayer  atoms  are  commensurated. 


I.  Introduction  metal  (meial)-chalcogen  layers  held  together  by 

Van  der  Waals  forces,  thus  a  pronounced  struct- 
Heteroepitaxy  with  a  large  lattice  mismatch  ural  anisotropy  resulting  from  strong  chemical 

offers  the  possibility  of  combining  materials  with  bonds  in  2D  results  in  these  materials  having 

a  wide  variety  of  properties.  Today,  much  effort  unique  properties.  Changing  either  the  metal  or 

has  been  paid  to  molecular  beam  epitaxy  (MBE)  chalcogen  can  alter  the  electronic  structure  from 

with  strained  or  graded  layers  to  accommodate  the  superconductoring  to  insulating.  Therefore  the 

lattice  mismatching,  yet  the  concept  of  Van  der  flexibility  for  fabrication  of  multilayer  structures 

Waals  epitaxy  (VDWE).  recently  introduced  by  us  containing  different  materials  selected  for  their 

(1.2).  removes  this  constraint  by  using  materials  specific  physical  and  chemical  properties,  rather 

which  have  strong  bonding  only  in  two  dimen-  than  their  lattice  match,  makes  this  an  exciting 

sions  (2D).  The  materials  which  crystallize  in  2D  new  area  for  investigation. 

structures  include  many  transition  metal  dichal-  We  present  VDWE  growth  of  MoSe^  thin  films 

cogenides.  monochalcogenides.  and  tin  sulfides  on  SnSjfOOOl).  MoSjffKlOl)  and  GaAs(lll) 

and  selenides.  VDWE  is  the  growth  of  such  2D  surfaces.  While  the  identity  of  the  substrate 

materials,  one  upon  the  other,  where  the  layers  are  strongly  influences  the  growth  process  in  conven- 

bound  together  by  the  relatively  weak  Van  der  tional  epitaxy,  the  substrates  that  have  been 

Waals  forces.  Many  metal  chalcogenide  materials  selected  in  the  present  investigation  differ  from 

have  2D  structures  characterized  by  chalcogen-  each  other  both  electronically  and  structurally,  yet 

a  high  quality  epitaxial  thin  film  can  be  grown  by 
VDWE.  In  this  paper  we  focus  on  the  growing 
•  Also  at  Chemistry  Department.  University  of  Tokyo.  Hongo.  process  of  VDWE  and  resultant  unique  properties 
Bunkyo-ku.  Tokyo  1 1 3.  Japan.  of  the  heterointerfaces. 
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1.  Experimental 

The  MBE  system  used  in  the  present  investiga¬ 
tion  is  described  in  detail  elsewhere  [3].  Briefly, 
the  system  consists  of  growth  and  analysis  cham¬ 
bers  separated  by  a  gate  valve.  In  the  growth 
chamber,  a  conventional  Knudsen  cell  and  an 
electrostatically  focused  evaporation  source  pro¬ 
vide  Se  and  Mo  molecular  beams,  respectively, 
which  are  directed  toward  the  heated  substrate. 
Reflection  high  energy  electron  diffraction 
(RHEED)  was  used  to  monitor  the  growth  pro¬ 
cess.  The  variation  of  RHEED  patterns  can  be 
recorded  with  a  video  camera  and  the  video  sig¬ 
nals  are  further  processed  to  extract  RHEED 
oscillations  during  the  growth.  Further  details  are 
found  elsewhere  (4).  In  the  analysis  chamber,  a 
double  pass  cylindrical  mirror  analyzer  was  used 
to  analyze  the  composition  and  the  electronic 
structure  of  the  epitaxial  films.  After  growth  of 
the  desired  thickness  of  MoScj,  the  specimens 
were  removed  from  the  MBE  system  and  further 
characterized  by  various  methods  including  X-ray 
photoelectron  spectroscopy  (XPS),  transmission 
electron  microscopy  (TEM),  low  energy  electron 
diffraction  (FEED),  and  scanning  tunneling  mi¬ 
croscopy  (STM).  Unlike  conventional  materials, 
the  present  materials  are  inert  to  ambient  condi¬ 
tions  (Oj,  HjO),  which  makes  ex-situ  analysis  va¬ 
luable. 


3.  Results  and  discussion 

3J.  Growth  characteristics 

The  RHEED  patterns  from  a  substrate  have 
information  about  the  substrate  cleanliness  and 
crystallinity.  Elongated  streaks  from  [1120]  and 
(1010]  azimuthal  angles  of  these  substrates  reveal 
no  surface  reconstructions.  Prior  to  initiation  of 
MoSej  growth,  the  substrate  surface  was  exposed 
to  a  Se  flux  at  a  temperature  of  more  than  250  ®C. 
No  changes  in  the  streak  intervals  were  identified, 
indicating  that  the  Se  species  do  not  adsorb  or 
react  with  the  surfaces.  When  the  Mo  flux  was 
initiated,  the  substrate  patterns  immediately  faded 
out  for  a  short  period  of  time,  then  reappeared  as 


Fig.  1.  RHEED  patterns  observed  from  (1)  [1120]  and  (b) 
[10101  azimuthal  angles  for  MoSej  thin  film  epitaxially  grown 
on  a  SnS2  substrate  with  a  coverage  less  than  1  monolayer. 


the  deposition  proceeded  along  with  streaks  asso¬ 
ciated  with  MoSe^.  In  all  three  cases,  the  streaks 
from  the  substrate  and  the  growing  thin  film  are 
azimuthaily  aligned,  suggesting  the  overlayer  is 
epitaxially  grown  with  their  hexagonal  edge  aligned 
to  those  from  the  substrate.  Shown  in  fig.  1  are 
RHEED  patterns  obtained  from  MoSej  deposition 
on  a  SnS2  substrate,  in  which  the  lattice  mismatch 
is  about  10%.  Co-existence  fo  both  substrate  and 
deposit  RHEED  streaks  is  an  indication  of  forma¬ 
tion  of  a  fractional  monolayer  coverage.  The  lattice 
constant  for  the  deposit  calculated  from  the  streak 
interval  was  3.29  ±  0.05  A.  close  to  the  published 
value  of  3.288  A  for  2  H^-MoScj.  suggesting  that 
even  for  less  than  one  monolayer,  the  MoSe2  films 
are  grown  with  their  own  lattice  constants  main¬ 
tained  despite  the  lattice  mismatch.  Further  growth 
of  the  MoSCj  layer  resulted  in  substrate  patterns 
completely  fading  out,  leaving  only  the  epilayer 
streaks  indicating  the  formation  of  a  crystalline 
MoScj  thin  film.  The  high  crystalline  quality  of 
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the  epilayer  is  evidenced  by  sharp  elongated 
RHEED  streaks.  Nearly  identical  LEED  patterns 
to  those  observed  from  single  crystalline  MoScj 
sfiecimens  have  also  been  observed.  Azimuthal 
alignment  for  the  epilayer  to  the  substrate  was 
further  confirmed  by  selected  area  electron  dif¬ 
fraction  (SAD)  in  the  transmission  electron  micro¬ 
scope.  The  observed  SAD  pattern  consists  fo  a 
mixture  of  two  rotationally  aligned  hexagonal  pat¬ 
terns,  corresponding  to  those  from  the  substrate 
and  the  epilayer.  (detailed  discussion  can  be  found 
elsewhere  [3]. 

Much  interest  has  recently  been  focused  on  the 
observed  oscillations  in  the  intensity  of  RHEED 
patterns  during  epitaxial  growth.  In  MoSe^  thin 
film  growth,  an  oscillation  in  RHEED  intensities 
has  been  observed.  While  the  observed  oscillatory 
behavior  is  an  indication  of  2D  layer-by-layer 
growth  of  MoScj  thin  films,  further  analysis  al¬ 
lows  us  to  determine  the  polytype  (variation  in 
layer  stacking  sequences)  of  MoSej  thin  film 
crystals.  Shown  in  fig.  2  is  the  RHEED  intensity 
versus  time  plot  during  the  growth  of  MoSej  on 
(lll)GaAs  at  620 “C,  where  intensities  of  the 
specular  and  the  non-specular  (say  (1,0,11.5))  dif¬ 
fracted  beams  have  been  chosen  for  display.  While 
the  oscillation  period  from  the  specular  beam  cor¬ 
responds  precisely  to  the  time  required  to  deposit 


Fig.  2.  RHEED  intensity  variation  with  time  during  the  growth 
of  MoSCj  thin  film  on  GaAs( 111). 


one  monolayer  of  MoSej  on  the  substrate,  the 
observed  period  from  the  (1,0.11.5)  beam  is  ex¬ 
actly  twice  that  from  the  specular  beam,  indicating 
a  bilayer  growth  mode.  This  bilayer-mode  oscilla¬ 
tion  is  related  to  the  stacking  structure  of  the 
growing  films.  Bulk  MoSe2  single  crystals  exhibit 
several  polytypes.  The  2Hb  polytype  has  the  ad¬ 
jacent  layers  rotated  by  180°  [5].  In  this  polytype 
the  c-axis  of  the  unit  cell  contains  two  layers, 
accounting  for  the  bilayer-mode  oscillations. 
Kinematic  theory  also  predicts  that  the  diffraction 
maxima  will  occur  in  the  bilayer-mode  for  2Hb- 
MoSCj.  This  model  predicts  a  prominent  bilayer¬ 
mode  oscillation  occurring  at  either  (1, 0,3.5)  or 
(1.0,11.5).  The  (1,0,11.5)  diffracted  beam  was  used 
in  the  present  experiment. 

J.2.  Epilayer  structures 

An  epilayer  of  one  2D  material  deposited  with 
VDWE  onto  another  can  produce  films  of  high 
crystalline  quality  despite  large  lattice  mismatches 
most  likely  because  there  is  no  covalent  bonding 
between  these  layers.  However,  the  Van  der  Waals 
forces  which  hold  the  layers  together  in  the  pure 
crystal  still  operate  on  the  epilayer.  The  most 
stable  site  for  a  chalcogenide  atom  of  the  epilayer 
is  one  of  the  trigonal  sites  between  the  chalcog¬ 
enide  atoms  of  the  substrate  and  above  one  of  the 
trigonal  sites  containing  a  metal  atom.  Subsequent 
deposition  will  produce  a  strongly  2D  bonded 
epilayer  with  the  two  HCP  lattices  going  in  and 
out  of  phase.  A  2D  model  of  the  interface  with  the 
substrate  and  epilayer  represented  as  different 
sized  circles  is  shown  in  fig.  3.  The  results  is  that 
the  lattice  of  the  epilayer  can  be  slightly  distorted 
by  the  substrate  lattice.  This  distortion  can  be 
measured  by  scanning  tunneling  microscopy 
(STM)  due  to  the  superior  z  resolution  of  the 
STM  which  is,  in  principle,  less  than  the  width  of 
an  atom.  Shown  in  fig.  4  is  STM  image  of  several 
monolayers  of  MoSej  grown  on  a  MoSj  substrate 
(lattice  mismatch  of  4%).  Triangular  regions  can 
be  clearly  seen  and  appear  to  be  commensurate 
even  when  a  molecular  step  is  present.  The  size  of 
the  substructures,  D,  can  be  predicted  using  the 
moire  equation  and  the  a-axis  lattice  constants  of 
the  two  material  (d,  and  dj);  D  =  djdj/l  d,  —  dj  |, 
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Fig.  3.  A  top  view  of  the  interface  of  two  unrotated  hexagonal 
closest  packed  lattices  with  a  10%  lattice  mismatch. 

which  gives  a  value  of  80  A  whereas  the  actual  size 
varies  between  70  and  80  A.  The  size  of  the 
structures  with  the  extent  of  the  lattice  mismatch 
was  also  examined  for  MoSe^  grown  on  SnS2, 
where  the  lattice  mismatch  is  10%.  Tile  resulting 
structure  shows  similar  morphology,  but  with  a 
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Fig.  4.  A  constant  height  atomic  resolution  STM  image  of 
several  monolayers  of  MoScj  grown  on  a  MoSe,  substrate. 


Fig  5.  A  series  of  STM  images  for  (a)  0.3,  (b)  1.0  and  (c)  2.0 
monolayer  coverages  of  MoSe2  on  a  MoSj  substrate. 
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different  spacing  (30-40  A),  close  to  that  predic¬ 
ted  by  the  moire  equation  (33  A). 

STM  images  of  various  epilayer  coverages  of 
MoSct  grown  on  MoSj  provide  a  further  insight 
into  the  growth  mechanism  of  VDWE.  A  series  of 
STM  images  taken  for  0.3,  1.0  and  2.0  monolayer 
coverages  of  MoSe,  on  MoS,  are  shown  in  figs. 
5a,  5b  and  5c,  respectively.  Here  the  coverage  was 
estimated  from  the  time  required  to  form  a  com¬ 
plete  monolayer.  For  a  fractional  monolayer, 
growth  structure  can  be  seen  in  the  MoSe,  islands, 
but  no  long  range  order  can  be  seen.  Fig.  5b 
shows  an  epilayer  coverage  of  about  one  mono- 
layer  where  the  moire  substructure  patterns  be¬ 
come  evident,  however,  islands  on  the  layer  as  well 
as  holes  indicate  incomplete  growth  of  the  first 
layer  before  nucleation  of  the  .second  layer.  For 
multilayer  growth  (fig.  5c),  the  moire  patterns 
from  the  second  layer  are  rotationally  aligned  with 
respect  to  those  from  the  first  complete  layer. 
Evidently  the  distortion  of  the  first  layer,  induced 
by  the  lattice  mismatch,  influences  the  subsequent 
growth  of  additional  layers.  Information  about  the 
e.\tent  of  these  structures  to  a  large  number  of 
epilayers  has  not  yet  been  obtained  but  identical 
structures  have  been  observed  on  up  to  10  layers 
of  MoSe-  on  MoS-. 

The  apparent  height  of  the  structures  measured 
with  the  STM  was  surprisingly  large  (2-4  A)  since 
it  was  expected  that  the  geometric  relaxation  of 
the  epitaxial  atoms  into  the  trigonal  sites  would 
produce  a  mrxluiation  of  less  than  0.5  A.  En¬ 
hanced  r  modulation  of  atomic  features  on  2D 
materials  has  been  attributed  to  imaging  a  single 
wave  function  rather  than  mapping  surface  topog¬ 
raphy  [6].  The  nodal  structure  of  the  periodic  wave 
functions  can  lead  to  large  corrugations  with  the 
periodicity  of  the  unit  cell,  which  in  our  case  has 
been  determined  by  moire  pattern  distance.  The 
structures  we  observed  may  be  considered  analo¬ 
gous  to  charge  density  waves  (CDWs),  in  that  the 
CDW  is  a  structural  distortion  producing  a  new 
electronic  state  by  lowering  the  electronic  degener¬ 
acy  of  the  system  while  the  structures  we  observe 
are  a  result  of  forcing  a  pieriodic  structural  distor¬ 
tion  which  breaks  the  degeneracy  of  the  normally 
planar  structures,  leading  to  new  electronic  .states. 


CDWs  have  also  shown  enhanced  c  modulation  in 
STM  images. 


4.  Conclusions 

A  variation  of  molecular  beam  epitaxy,  called 
Van  der  Waals  epitaxy,  is  described  where  a 
material  with  primarily  2D  bonding  is  epitaxially 
grown.  Lattice  matching  difficulties,  which  limit 
the  choice  of  materials  in  MBE  of  3D  systems,  are 
circumvented  since  the  interlayer  bonding  is  from 
weak  van  der  Waals  interactions.  We  have  demon¬ 
strated  epitaxial  growth  of  MoSe-  on  various  sub¬ 
strates  with  lattice  mismatches  exceeding  10%. 
RHEED  oscillations,  observed  in-situ  for  growing 
MoSe-  epilayers.  show  a  layer-by-layer  growth  with 
evidence  for  bilayer  type  growth,  suggesting  the 
2Hj,  polytype  for  the  epilayer.  STM  provided  real 
space  images  of  the  morphology  of  the  epitaxial 
layer  and  showed  novel  structures  resulting  from 
the  large  lattice  mismatch  where  the  epilayer  atoms 
are  commensurated.  The  flexibility  for  fabrication 
of  multilayer  structures  containing  different  mate¬ 
rials  selected  for  their  specific  properties,  rather 
than  their  lattice  matching  requirements,  has  been 
discussed. 


Acknowledgement 

Sue  Riggs  is  acknowledged  for  her  technical 
assistance  in  the  STM  studies. 


References 

\\]  A.  Koma.  K.  Sunouchi  and  1.  Mivajima.  J.  Vacuum.  Sci. 
Technol.  B3  (1985)  724. 

|2]  A.  Koma  and  J.  Yoshimura.  Surface  Sci.  174  (1986)  556 
(3)  F.S.  Ohuchi.  B.A.  Parkinson.  K.  Ueno  and  A.  Koma.  J. 
Appl.  Phys.  68  (1990)  2168. 

j4)  T.  Shimada.  H.  Yamamolo,  K.  Saiki  and  A.  Koma.  Japan. 
J.  Appl.  Phys.  29  (1990)  L2()96. 

(5)  F.  Levy.  Ed..  Crysiallography  and  Crystal  Chemistry  of 
Materials  with  Layered  Structures  (Reidel.  Dordrecht. 
19^6). 

(6]  J.  Tersoff.  Phys.  Rev.  Letters  57  (1986)  440. 


1038 


Journal  of  Crystal  Growth  111  (1991)  1038-1042 
North-Holland 


Reconstruction  structure  at  Ga2Se3/GaAs  epitaxial  interface 
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A  highly  developed  reconstruction  structure  was  found  at  the  Ga^Se^/GaAs  epitaxial  interface  by  transmission  electron 
microscope  observations.  The  atomic  structure  of  the  reconstruction  was  derived  by  the  analysis  of  electron  diffraction  patterns  and 
high  resolution  transmission  electron  microscope  images.  The  structure,  which  is  described  as  an  ordered  arrangement  of  structural 
vacancies  on  the  Ga  sublattice,  .suggests  that  the  reconstruction  re.sults  from  the  valence  mismatch  at  the  Oa^Se^/GaAs  interface. 


I.  Introduction 

The  development  of  advanced  thin  film  growth 
techniques  such  as  molecular  beam  epitaxy  (MBE) 
and  metalorganic  chemical  vapor  deposition 
(MOCVD)  has  led  to  the  growth  of  hetero.struc- 
tures  of  a  variety  of  combinations  of  semiconduc¬ 
tor  materials.  Among  such  heterostructures,  those 
represented  by  IGVI/III  V  and  IlI-V/lV  semi¬ 
conductor  heterostructures  possess  great  signifi¬ 
cance  for  both  device  technology  and  fundamental 
materials  science.  These  heterostructures  consist 
of  semiconductor  materials  having  similar  lattice 
structures  but  belonging  to  chemically  different 
families.  Due  to  the  difference  of  valences  of 
constituent  atoms,  electron-excess  or  electron-defi¬ 
cient  chemical  bonds  may  form  at  the  interfaces  of 
these  heterostructures.  The  formation  of  the  elec¬ 
tron-excess  or  electron-deficient  chemical  bonds  is 
a  result  of  one  form  of  mismatch  between  two 
materials  at  the  interface  which  may  be  called 
“  valence  mismatch”  in  order  to  be  distinguished 
from  conventional  “lattice  constant  mismatch”. 
The  valence  mismatch  is  a  direct  conflict  of  the 


lattice  structure  with  the  basic  mechanism  of 
chemical  bonds  in  the  semiconductors,  and.  hence, 
the  study  on  structures  and  properties  of  valence 
mismatched  interfaces  provides  us  with  an  oppor¬ 
tunity  to  explore  the  fundamental  character  of 
chemical  bonds  in  these  materials. 

During  the  course  of  the  study  on  the  ZnSe/ 
GaAs  interface,  we  have  succeeded  in  the  growth 
of  Ga,Se,/GaAs  heterostructures  by  MBE. 
GajSe,  crystallizes  in  the  zincblende  structure 
similarly  to  Ill-V  and  II-Vl  semiconductors  [1] 
and.  hence,  the  Ga,Se,/GaAs  interface  is  also  a 
representative  of  the  valence  mismatched  inter¬ 
faces.  We  have  found  a  highly  developed  recon¬ 
struction  structure  at  this  interface  by  the  trans¬ 
mission  electron  microscope  (TEM)  observation. 
This  finding  adds  a  new  member  to  the  group  of 
interface  reconstructions,  the  existence  of  which 
has  been  found  for  the  first  time  in  the  last  few 
years  [2-6],  The  atomic  stiucture  derived  by  the 
analysis  of  electron  diffraction  patterns  and  high 
resolution  transmission  electron  microscope 
(HRTEM)  images  indicates  that  this  reconstruc¬ 
tion  results  from  the  valence  mismatch  at  the 
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GajScj/GaAs  interface.  In  this  paper,  we  present 
results  of  the  TEM  observation  and  structure 
analysis  of  the  reconstruction  structure. 


2.  Experimental  procedure 

The  GajSej/GaAs  heterostructures  were  grown 
by  using  a  430  modular  MBE  system  which  has 
three  separate  growth  chambers  connected  by  an 
ultra-high  vacuum  transfer  tube.  A  GaAs  epilayer 
was  first  grown  on  a  (100)  GaAs  substrate  in  one 
chamber  and  then  transferred  to  another  chamber 
for  the  growth  of  a  GajSe,  epilayer.  Prior  to  the 
growth  of  the  GajScj  epilayer,  the  GaAs  surface 
was  heated  without  being  exposed  to  fluxes,  which 
gave  rise  to  an  As  deficient  surface  exhibiting  a 
(4  X  3)  surface  reconstruction  [7].  The  GajSe,  epi¬ 
layer  with  a  thickness  of  450  A  was  grown  at 
400  °C  with  a  growth  rate  of  5  A/min.  For  the 
TEM  observation,  (010),  (001),  (011)  and  (011) 
cross-sectional  samples  and  (100)  plan-view  sam¬ 
ples  were  prepared  by  ion  thinning.  A  JEM  2000 
EX  electron  microscope  with  a  top-entry  goniome¬ 
ter  was  used  at  an  operating  voltage  of  200  kV. 
The  spherical  aberration  coefficient  of  the  objec¬ 
tive  lens  pole  piece  is  0.7  mm. 


3.  Results  and  discussion 

TEM  observations  of  cross-sectional  and  plan- 
view  samples  have  shown  the  formation  of  a  single 
crystal  Ga^Se,  film  having  a  zincblende  structure. 
GajScj  is  known  to  crystallize  in  a  stable  zinc- 
blende  structure  in  which  one  third  of  Ga  sites  are 
left  as  structural  vacancies  [1].  The  presence  of  the 
structural  vacancies  is  explained  as  a  result  of  the 
valence  mismatch  of  Ga  and  Se  atoms  in  the 
perfect  form  of  the  zincblende  structure.  The 
lattice  parameter  of  the  GajScj  epilayer  is  5.43  A 
which  is  close  to  that  of  stoichiometric  Ga2Se3. 
Both  electron  diffraction  patterns  and  HRTEM 
images  have  shown  a  parallel  epitaxial  relation  of 
the  (100)  GajSCj  crystal  with  the  (100)  GaAs 
crystal.  Existence  of  misfit  dislocations  at  the  in¬ 
terface  was  observed  in  (011)  and  (011)  HRTEM 
images.  The  lattice  mismatch  between  GaAs  and 


Ga2Se3  is  4%,  with  which  one  can  expect  a  critical 
thickness  of  a  few  tens  of  Angstroms.  Electron 
diffraction  patterns  of  the  Ga2Se3  epilayer  exhibit 
diffuse  scattering,  indicating  a  short-range  ordered 
arrangement  of  structural  vacancies  in  the  epi¬ 
layer. 

The  existence  of  the  reconstruction  structure  at 
the  interface  was  found  by  [010]  and  [001]  cross- 
sectional  electron  diffraction  patterns.  Fig.  1  is  a 
[010]  cross-sectional  diffraction  pattern  taken  from 
an  area  including  the  Ga-Scj/GaAs  interface. 
Due  to  a  long  exposure,  Bragg  spots  of  Ga2Se3 
and  GaAs  became  broader  and  overlapped  each 
other  in  the  pattern.  Many  bright  hnes  radiating 
from  the  direct  spot  were  caused  by  deflection  of 
electrons  in  the  path  of  the  electron  microscope 
column.  Reflection  rods  resulting  from  the  recon¬ 
struction  structure  are  clearly  seen  in  the  pattern. 
One  group  of  reflection  rods  connect  Bragg  spots 
of  GaAs.  while  the  other  group  appear  between 
the  Bragg  spots,  corresponding  to  superstructure 
reflections.  Locations  of  superstructure  reflection 
rods  are  defined  as  (0,  /),  where  /  is  an  odd 


Fig.  I.  (010)  cross-sectional  electron  diffraction  pattern  of  the 
GajSej/GaAs  heterostructure. 


1040 


D.  Li  et  ai  /  Reconstruction  structure  at  GaySe^/  GaAs  epitaxial  interface 


integer.  These  reflection  rods  exhibit  intensity 
modulation  suggesting  a  pseudo-two-dimensional 
nature  of  the  reconstruction.  The  period  of  the 
modulation  is  a*,  and  the  positions  of  intensity 
maxima  and  minima  of  reflection  rods  of  the  first 
group  are  shifted  from  those  of  the  second  group 
by  Ju*.  where  a*  is  the  length  of  the  reciprocal 
lattice  vector  of  the  cubic  GaAs  lattice.  Similar 
reflection  rods  were  observed  in  [001]  diffraction 
patterns.  In  [Oil]  and  [Oil]  diffraction  patterns, 
only  reflection  rods  connecting  Bragg  spots  of 
GaAs  were  observed.  Superstructure  reflection 
rods  observed  in  [010]  and  [001]  patterns  appear 
as  very  weak  spots  in  [100]  plan-view  patterns  at 
the  positions  of  forbidden  reflections  of  the 
zincblende  structure.  These  cross-sectional  and 
plan-view  patterns  indicate  that  the  reconstruction 
structure  is  described  as  a  c(2  x  2)  lattice  if  the 
structure  is  projected  to  a  plane  parallel  to  the 
interface. 

Direct  images  of  the  reconstruction  structure 
were  obtained  in  [010]  and  [001]  cross-sectional 
HRTEM  images.  Fig.  2  is  a  [010]  cross-sectional 
HRTEM  image  of  the  Ga,Se,/GaAs  interface. 
One  can  see  a  periodic  arrangement  of  bright 
spots  corresponding  to  the  reconstruction  struc¬ 
ture  along  the  interface  with  a  spacing  of  5.65  A 
which  is  twice  greater  than  that  of  (002)  lattice 
planes  of  GaAs.  Such  a  periodic  arrangement  of 
bright  spots  were  seen  in  many  parts  of  the  inter¬ 
face.  suggesting  the  existence  of  a  highly  devel¬ 
oped  reconstruction  structure  at  the  interface.  The 


close  examination  of  the  HRTEM  images  has 
shown  that  more  than  one  row  of  the  ordered 
arrangement  of  bright  spots  appears  in  some  parts 
of  the  interface.  The  spacing  of  these  rows  in  the 
[100]  direction  is  4.9  A,  and  the  positions  of  bright 
spots  of  the  second  row  is  shifted  from  those  of 
the  first  row  by  a  half  of  the  period  of  the  ordered 
arrangement  of  bright  spots. 

As  explained  earlier,  one  third  of  the  Ga  sites 
in  the  GajSe,  crystal  are  left  as  structural  vacan¬ 
cies.  One  may.  therefore,  suggest  that  the  recon¬ 
struction  structure  at  the  interface  is  an  ordered 
arrangement  of  these  structural  vacancies.  Ob¬ 
servations  of  electron  diffraction  patterns  and 
HRTEM  images  support  such  a  structure  model. 
The  ordered  arrangement  of  bright  and  dark  spots 
along  the  interface  is  clearly  seen  in  the  HRTEM 
images  with  relatively  high  contrasts  even  at  very 
thin  areas  of  the  sample,  which  cannot  be  ex¬ 
plained  based  on  a  model  of  an  ordered  arrange¬ 
ment  of  As  and  Se  atoms  or  that  of  displacements 
of  interface  atoms.  Diffraction  patterns  with  exci¬ 
tation  of  only  hOO  type  reflections  exhibit  a  dis¬ 
tinct  reflection  rod  with  intensity  maxima  at  the 
positions  of  1.  0,  0  and  1.  0.  0.  This  observation 
cannot  be  explained  by  a  model  of  displacements 
of  atoms  along  the  interface.  We  have  derived  a 
model  of  an  ordered  arrangement  of  structural 
vacancies  which  can  explain  all  main  features  of 
observed  diffraction  patterns  and  HRTEM  images. 
Figs.  3a  and  3b  schematically  show  this  model.  In 
the  model,  only  a  half  of  the  sites  of  the  first  Ga 


Fig.  2.  (010)  high  resolution  transmission  electron  microscope  image  of  the  reconstruction  structure  at  the  GajSe,  interface. 
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Fig.  3.  Model  of  the  atomic  structure  of  the  reconstruction,  (a) 
Vacancy  arrangement  in  the  first  Ga  layer:  (b)  (010)  projection 
of  the  reconstruction  structure. 


layer  of  the  Ga  jSe,  epilayer  are  occupied  by  atoms, 
leaving  the  remaining  sites  as  structural  vacancies. 
These  vacancies  form  a  c(2  X  2)  superlattice  in  this 
layer  as  shown  in  fig.  3a.  The  second  Ga  layer  in 
the  epilayer.  on  the  other  hand,  is  almost  fully 
occupied  by  atoms.  In  the  third  Ga  layer,  struc¬ 
tural  vacancies  locally  form  the  c(2  X  2)  ordered 
structure  which  is  shifted  by  half  a  period  from 
that  of  the  first  Ga  layer.  In  Ga  layers  beyond  the 
third  one.  structural  vacancies  form  a  nearly  ran¬ 
dom  arrangement.  Fig.  3b  shows  a  sequence  of 
these  Ga  layers  viewed  in  the  [010]  direction. 
Intensity  distributions  of  reflection  rods  calculated 
based  on  this  model  are  in  an  excellent  agreement 
with  the  observed  ones.  Details  of  the  analysis  of 
the  reconstruction  structure  will  be  reported  in  a 
separate  paper  [8]. 

The  ordered  arrangement  of  structural  vacan¬ 
cies  in  the  model  of  the  reconstruction  structure  is 
different  from  that  found  in  bulk  crystals  of 
GajScj  [9].  In  the  reconstruction  structure,  the 
fraction  of  structural  vacancies  varies  from  one 
Ga  layer  to  the  next  Ga  layer  as  shown  in  fig.  3b. 
The  size  of  the  variation  rapidly  decreases  in  the 


growth  direction,  leading  to  the  average  fraction 
of  vacancy  in  GajScj.  In  the  ordered  structure  of 
bulk  Ga2Se,,  on  the  other  hand,  all  (100)  Ga 
layers  have  the  same  fraction  of  structural  vacan¬ 
cies,  i.e..  5.  Despite  this  difference  of  ordered 
arrangements,  the  number  of  the  nearest  neighbor 
Ga  atoms  of  one  Se  atom  in  the  reconstruction  is 
very  close  to  that  of  the  ordered  structure  of  bulk 
GajScj.  In  the  ordered  structure  of  bulk  GajSe,. 
two  thirds  of  the  Se  atoms  have  three  nearest 
neighbor  Ga  atoms,  and  the  remaining  one  third 
of  Se  atoms  have  two  nearest  neighbor  Ga  atoms. 
The  average  number  of  the  nearest  neighbor  Ga 
atoms  is.  therefore,  *.  In  the  reconstruction  struc¬ 
ture,  each  Se  atom  has  three  nearest  neighbor  Ga 
atoms  as  seen  in  fig.  3b.  With  the  similarity  of  the 
number  of  the  nearest  neighbor  atoms,  one  can 
suggest  that  the  reconstruction  structure  forms  as 
a  transient  structure  from  the  GaAs  crystal  to  the 
GajSe,  crystal,  maintaining  the  valence  matching 
of  constituent  atoms  of  the  interface  region;  if  a 
GajSe,  crystal  having  the  structure  of  the  bulk 
crystal  directly  forms  on  the  GaAs  surface,  atoms 
at  the  interface  cannot  maintain  the  valence 
matching  because  of  the  nearly  complete  occupa¬ 
tion  of  the  top  Ga  layer  of  the  GaAs  crystal  [8]. 
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We  are  the  first  to  succeed  in  the  mass  production  of  AlGaAs  visible-wavelength  semiconductor  laser  on  a  commercial  basis  using 
MBE.  Single-transverse-mode  self-aligned  AlGaAs  double  heterostructure  (DH)  lasers  were  fabricated  by  a  two-step  molecular  beam 
epitaxial  technique.  A  GaAs  layer  was  thermally  etched  selectively  in  the  MBE  system  just  prior  to  regrowih.  There  was  i»u  pioblem 
associated  with  the  regrowth  of  an  AlGaAs  layer  after  the  thin  GaAs  passivation  layer  was  removed.  This  self-aligned  structure  by 
MBE  affords  high  control  of  transverse  and  longitudinal  modes,  which  results  in  high  quality  laser  for  various  applications  such  as 
compact  disc,  video  disc,  laser  beam  printer  and  optical  memory  disc. 


1.  Introduction 

MBE  offers  planar,  uniform  and  high  quality 
over  large  wafer  areas,  as  compared  with  conven¬ 
tional  LPE.  The  first  current  injection  AlGaAs 
DH  laser  was  prepared  by  Cho  and  Casey  [1]  in 
1974.  In  1979,  Tsang  [2]  first  obtained  AlGaAs 
DH  lasers  by  MBE  with  threshold  currents  at  least 
as  low  as  those  prepared  by  LPE.  In  the  1980s, 
Tsang  demonstrated  MQW  and  GRIN-SCH  lasers 
[3,4]  by  MBE.  For  the  industrial  production  of 
lasers  using  MBE,  however,  mainly  two  problems 
needed  to  be  overcome;  (1)  poor  reproducibility 
and  (2)  no  stripe  structure  fit  for  MBE.  In  this 
paper,  we  report  the  mass-production  of  trans- 
verse-mode-controlled  self-aligned  AlGaAs  DH 
lasers  using  a  two-step  molecular  beam  epitaxy 
technique  [5],  and  the  characteristics  of  these 
lasers. 


2.  Device  fabrication 

Modified  conventional  MBE  Riber  32P  systems 
was  used,  operating  day  and  night  with  computer- 
controlled.  The  requirements  for  mass-production 
MBE  are;  (1)  one-touch  substrate  mounting;  (2) 
large  volume  cells  (2400  h);  (3)  precise  substrate 
temperature  control  (±5‘’C);  (4)  shutter  reliabil¬ 
ity. 


Fig.  1  shows  the  room  temperature  photo¬ 
luminescence  intensity  of  DH  samples  as  a  func¬ 
tion  of  time.  After  the  MBE  system  is  reloaded, 
the  system  is  baked  (72  h,  200  °C)  and  sources  are 
purified.  About  two  days  of  growth  are  enough  to 
obtain  high  quality  DH  wafers.  Usually,  if  the  PL 
intensity  is  higher  than  the  dashed  line  level,  high 
quality  AlGaAs  DH  lasers  can  be  fablicated  re- 


Fig.  1.  Room  temperature  photoluminescense  intensity  of  DH 
sample  as  a  function  of  time.  If  the  intensity  is  higher  than  the 
dashed  line  level,  high  quality  AlGaAs  DH  lasers  can  be 
fabricated  reproducibly. 
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Fig.  2.  Schematic  illustrations  of  the  process  and  structure  of 
the  selFaligned  laser  fablicated  by  MBE. 
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producibly.  TTie  devices  were  grown  on  a  (100) 
oriented  Si-doped  GaAs  substrate  (2  inch  wafer). 
Growth  rates  were  1.2  /im/h  for  GaAs  and  3.0 
/im/h  for  AlGaAs  (.r  =  0.6).  An  active  layer  was 
grown  at  690  °C.  Schematic  illustrations  of  the 
process  and  structure  of  the  self-aligned  laser  are 
shown  in  fig.  2.  In  the  first  growth  of  the  two  step 
technique,  six  layers  were  grown:  (1)  n-AIGaAs 
(.t  =  0.6,  Si:  5  X  10'^ cm’’).  1.3  fim:  (2)  undoped 
AlGaAs  (.V  =  0.15)  active  layer,  0.07  fitn;  (3)  p-Al 
GaAs  (.t  =  0.6,  Be:  5  x  10”  cm’’).  0.35  /xm;  (4) 
n-GaAs  (Si:  5  X  10'**  cm’’),  0.24  /xm;  (5)  n-Al 
GaAs  {x  =  0.15,  Si:  5  X  10"*  cm"’).  0.07  /im;  (6) 
undoped-GaAs,  0.04  fxm.  After  the  first  growth 
step,  the  wafer  was  taken  out  from  the  MBE 
system,  and  stripes  were  opened  along  the  (110) 
direction  with  a  conventional  photo-lithographic 
technique.  The  width  of  the  stripes  used  in  this 
work  was  4  fxm.  The  channels  were  etched  into  the 
wafer  using  a  H2SO4 :  H2O2 :  H^O  mixture.  A  thin 
GaAs  layer  about  1000  A  was  left  on  the  p-Al 
GaAs  layer  for  passivation  as  shown  in  fig.  2.  The 
wafer  was  then  inserted  into  the  MBE  system  for 
the  second  MBE  growth  step.  Prior  to  regrowth, 
the  thin  GaAs  passivation  layer  on  the  p-AlGaAs 
cladding  layer  and  the  n-AlGaAs  current  confine¬ 
ment  layer  was  thermally  desorbed  under  AS4 
pressure.  The  thermal  desorption  rate  of  GaAs  at 
740  °C  under  AS4  pressure  was  about  2  ;xm/h 
while  that  of  AlGaAs  (xsO.15)  under  the  same 
conditions  was  negli^ble.  The  wafer  was  heated 
for  15  min  at  740  °C  under  AS4  pressure.  After 
the  thin  GaAs  layers  was  selectively  desorbed,  two 
layers  were  grown:  (1)  p-AlGaAs  (x  =  0.6.  Be: 


W 


Funidamentai 
parameter 

Fig.  3.  A  cross-sectional  SEM  photograph  of  the  self-aligned 
laser  by  MBE  and  fundamental  parameters  of  the  lasers. 


5  X  10"* cm"’).  1.3  fxm:  (2)  p*-GaAs  (Be:  2  x  lO” 
cm’’).  1.5  fxm.  Fig.  3  shows  a  cross-sectional 
SEM  photograph  of  the  .self-aligned  laser  by  MBE. 
In  this  two-step  molecular  beam  epitaxy  method, 
the  thickness  of  each  layer  was  controlled  within 
the  accuracy  of  MBE.  Metal  contacts  of  Ti-Au 
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Fig.  4.  Histogram  of  operation  currents  at  an  optica]  output  of 
3  mW  and  lasing  spectrum. 
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Fig.  5.  Histogram  of  beam  divergences  parallel  to  junction 
plane. 


and  alloyed  Au-Ge  were  then  formed  on  the 
wafer.  There  was  no  additional  current  confine¬ 
ment  such  as  oxide  stripes  on  the  surfaces.  De¬ 
vices  with  a  250  jum  long  cavity  were  fabricated  as 
usual  by  cleaving,  sawing  and  coating. 


3.  Device  characteristics 

Fig.  4  shows  a  histogram  of  operation  currents 
at  3  mW  and  lasing  spectrum.  Low  operation 
current  has  been  realized  by  optimizing  the  carrier 
concentration  of  the  first  p-AlGaAs  cladding  layer 
to  minimize  the  lateral  current  spreading  and  car¬ 
rier  out-diffusion  from  the  stripe.  The  laser  oper¬ 
ates  in  a  multi  longitudinal  mode  at  3  mW.  This 
means  that  mode  changes  are  performed  smoothly 
by  the  return  light  and  that  low  noise  is  main¬ 
tained.  even  if  the  optical  path  is  shorter  than  the 
coherence  length. 

Fig.  5  and  fig.  6  show  histograms  of  beam 
divergences  parallel  and  perpendicular  to  the  junc¬ 
tion  plane.  Due  to  excellent  control  of  the  film 
thickness  by  MBE.  the  variability  of  these  optical 
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Fig.  6.  Histogram  of  beam  divergences  perpendicular  to  junc¬ 
tion  plane. 


characteristics  are  one-third  that  of  the  conven¬ 
tional  LPE  lasers. 

Fig.  7  shows  the  results  of  1000  h  continuous 
operation  at  the  temperature  of  80  °C  and  the 
optical  output  of  5  mW.  Since  the  carrier  con¬ 
centration  has  been  optimized  and  the  operation 
current  has  thus  been  lowered,  the  operation  cur¬ 
rent  at  80  °C  comes  between  60  to  80  mA  and 
degradation  rate  is  very  low. 


; 
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Fig.  7.  Life-testing  results  of  1000  h  continuous  operation  at  a 
temperature  of  80®C  and  optical  output  of  5  mW. 
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4.  Sununary 

We  are  the  first  to  succeed  in  the  mass-produc¬ 
tion  of  AlGaAs  visible-wavelength  semiconductor 
laser  using  MBE.  The  self-aligned  structure  by 
MBE  affords  high  controllability  of  transverse  and 
longitudinal  modes,  which  provides  the  laser  with 
various  applications  such  as  compact  disc,  video 
disc,  laser  beam  printer  and  optical  memory  disc. 
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Until  recently  most  semiconductor  device  structures  grown  by  MBE  have  used  A54.  In  such  structures  dunng  the  growth  of 
(Al,Oa)As  alloys  a  characteristic  roughness  is  observed  under  some  growth  conditions.  The  threshold  current  of  lasers  grown  using 
AS4  is  also  strongly  influenced  by  the  choice  of  substrate  temperature.  It  is  possible  therefore  that  these  two  factors  are  related.  We 
have  compared  the  morphology  of  thick  films  of  Alo  jGao  jAs  grown  using  As^  and  As.  oyer  the  temperature  range  610  to  710  °C. 
For  films  grown  with  As^  the  characteristic  roughness  in  such  structures  is  observed  but  over  the  whole  temperature  range  films 
grown  with  As2  have  a  specular  appearance.  We  have  grown,  using  As2.  a  series  of  graded  refractive  index  separate  confinement 
heterostructure  single  quantum  well  (57  A)  lasers  with  and  without  pre-layers  at  temperatures  from  610  to  710  °C.  In  this  series  of 
samples  the  Al  and  Ga  fluxes  were  kept  constant,  the  nominal  Al  fractions  for  the  outer  confinement  and  barrier  regions  were  50^ 
and  25%.  respectively.  A  similar  set  of  stepped  separate  confinement  structures  with  prelayers  was  grown  for  comparison.  In  a  fourth 
series  of  structures  the  separate  confinement  and  part  of  the  outer  cladding  regions  were  replaced  by  short  period  superlattices. 
Contrary  to  previous  reports  for  structures  grown  using  AS4,  no  strong  dependence  of  threshold  current  on  growth  temperature  was 
observed.  Results  for  four  sets  of  lasers  will  be  discussed  in  detail.  An  additional  benefit  of  using  As  2  is  the  reduced  loss  of  Ga  at 
high  temperatures  due  to  a  reduction  of  free  metallic  group  III  element  present  on  the  surface  during  growth. 


1.  Introduction 

In  the  growth  of  III-V  compounds  by  MBE  the 
group  V  element  is  often  supplied  by  sublimation 
from  the  solid  in  the  form  of  a  tetramer  molecule. 
It  is,  however,  possible  to  dissociate  this  molecule 

*  Industrial  Trainee. 


into  two  dimers  using  a  two-zone  cracker  furnace. 
The  basic  growth  mechanisms  for  the  two 
processes  are  different  [1,2)  and  it  has  been  shown 
in  a  number  of  studies  that  films  grown  with  the 
dimer  are  superior  to  those  grown  with  the  tetra¬ 
mer.  The  concentration  of  deep  levels  in  GaAs 
grown  with  Asj  is  lower  than  in  films  grown  with 
AS4  [3]  and  the  optical  properties  are  also  im- 
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proved  [4],  For  (Ai,Ga)As-GaAs  double  hetero¬ 
structures  a  lower  interface  recombination  velocity 
is  also  observed  using  As2  compared  to  AS4  [5].  In 
addition,  in  the  growth  of  (A],Ga)As  films  with 
AS4  a  characteristic  surface  roughness  is  com¬ 
monly  observed  in  the  so-called  forbidden  temper¬ 
ature  regime  (600-680  °  C)  [6],  but  in  films  grown 
with  As  2  this  problem  is  not  observed  [7]. 

For  double  heterostructure  (DH)  lasers  grown 
with  AS4  the  choice  of  substrate  temperature 
strongly  influences  the  threshold  current  [8],  and  it 
is  now  clear  that  the  lowest  threshold  current  is 
only  obtained  for  films  grown  under  conditions 
where  no  surface  roughness  is  observed  for  the 
growth  of  ( Al,Ga)As  [9],  Prior  to  this  observation 
a  number  of  techniques  have  been  used  to  im¬ 
prove  the  threshold  current  of  DH  and  quantum 
well  (QW)  lasers  including  the  use  of  off-orienta- 
tion  substrates  [10],  which  are  known  to  smooth 
the  surface  of  (Al,Ga)As  grown  in  the  so-called 
forbidden  temperature  range  [11],  It  has  also  been 
shown  that  the  use  of  pre-layers  reduces  the 
threshold  current  of  graded  refractive  index 
(GRIN)  separate  confinement  heterostructure 
(SCH)  single  quantum  well  (SQW)  lasers  [12], 
Finally  it  has  been  shown  recently  that  extremely 
low  threshold  current  GRIN-SCH-SQW  lasers  can 
be  obtained  by  replacing  the  alloy  regions  by  short 
period  (SP)  superlattices  (SLs)  [13].  In  all  the 
above  studies  the  use  of  high  temperatures  (about 
100° C)  results  in  a  temperature  dependent  loss  of 
Ga  from  the  surface,  small  variations  in  substrate 
temperature  across  the  slice  during  growth  there¬ 
fore  leads  to  unacceptable  variations  in  operating 
wavelength. 

We  have  therefore  studied  the  effect  of  replac¬ 
ing  AS4  with  As,  for  a  variety  of  laser  structures 
including  conventional  GRIN-SCH-SQW  struc¬ 
tures  grown  with  alloys,  similar  structures  incor¬ 
porating  a  SP-SL  prelayer,  abrupt  SCH-SQW 
lasers  with  SP-SL  pre-layer  and  similar  SCH-SQW 
la.sers  with  the  alloy  region  of  the  waveguide  re¬ 
placed  by  a  SP-SL.  In  each  case  we  have  studied 
the  effect  of  varying  the  substrate  temperature 
over  the  range  610  to  690  or  710  °C  where  there  is 
a  transition  from  rough  to  smooth  growth  for 
(Al,Ga)As  alloys,  i.e.,  inside  and  outside  the  so- 
called  forbidden  temperature  regime. 


2.  Experimental  technique 

The  samples  were  grown  in  a  2  inch  Varian 
GEN-II  MBE  system  using  an  indium  bonded 
substrate  holder.  With  this  system  using  roughened 
blocks,  the  substrate  temperatures  measured  using 
a  radiation  pyrometer  (operating  at  2  /xm  using  an 
emissivity  setting  of  0.62  of  Si  doped  substrates) 
agree  with  the  thermocouple  estimate  to  within 
20  °C.  In  this  system  using  an  As  flux  with  a 
beam  equivalent  pressure  of  1  x  10'*  Torn  with 
no  other  fluxes  impinging  on  the  sample,  there  is  a 
transition  from  the  As-stable  (100)  (2  x  4)  recon¬ 
structed  surface  pattern  to  a  Ga-stable  (3x1) 
pattern  in  less  than  2  s  on  closing  the  As  shutter  at 
640  °C. 

The  samples  were  grown  using  a  GaAs  growth 
rate  of  1  monolayer  (ML)  per  second,  the  growth 
rates  were  established  using  the  familiar  RHEED 
oscillation  technique  [14].  Growth  rates  for  Al 
were  adjusted  in  a  similar  manner  to  give  the 
required  alloy  fraction.  In  the  SCH-SQW  struc¬ 
tures  a  5  min  interrupt  was  used  to  reset  the  Al 
cell  temperature  but  for  all  other  structures  growth 
was  continuous.  Doping  densities  were  kept  low 
enough  to  avoid  disordering  the  SP-SLs.  i.e.  <  10”* 
cm"’,  and  this  was  confirmed  both  by  TEM  and 
X-ray  analysis  on  selected  samples.  No  adjustment 
was  made  to  the  Ga  flux  to  allow  for  Ga  re¬ 
evaporation  at  high  temperatures  in  order  to  avoid 
this  complication.  As^  was  produced  using  the 
commercially  available  Varian  cracker  cell  operat¬ 
ing  under  the  nominally  suggested  conditions. 
Apart  from  the  expected  reduction  in  system  pres¬ 
sure  and  more  rapid  coating  of  the  windows  we 
have  no  independent  indication  of  the  cracking 
efficiency  of  this  cell. 

Prior  to  the  growth  of  all  laser  structures  the 
minority  carrier  lifetime  at  300  K  was  established 
in  intentionally  doped  (Be  at  2  x  lO'^'cm”  ')  MQW 
structures.  Experience  has  shown  that  this  lifetime 
correlates  well  with  the  threshold  current  of  lasers 
grown  by  MBE.  We  have  previously  shown  that 
this  is  a  good  measure  of  the  radiative  efficiency 
in  the  (Al.Ga)As  or  AlAs  regions  close  to  the 
heterointerface  with  the  GaAs  well  [15].  A  mini¬ 
mum  lifetime  of  30  ns  was  achieved  prior  to  the 
growth  of  the  structures  described  above.  Struc- 
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lures  grown  with  Asi  had  significantly  longei 
lifetimes  (approximately  3  X  )  than  the  equivalent 
samples  grown  with  AS4  immediately  before  or 
afterwards. 

The  wafers  were  processed  into  oxide  isolated 
50  /rm  stripe  lasers  with  a  cavity  length  of  500  fim 
and  the  threshold  current  and  wavelength  mea¬ 
sured  as  a  function  of  temperature  using  pulsed 
techniques.  The  fabrication  and  testing  procedures 
have  been  described  in  detail  elsewhere  [16].  For 
some  wafers  broad  area  devices  were  also  fabri¬ 
cated  to  give  a  better  guide  to  the  true  threshold 
current  density  and  to  make  a  more  meaningful 
comparison  with  other  low-threshold  current  de¬ 
vices. 
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Fig.  2.  Variation  in  threshold  current  with  substrate  tempera¬ 
ture  for  four  sets  of  oxide  isolated  51)  pm  stripe  lasers.  The 
error  bars  concspond  to  two  standard  deviations. 


3.  Experimental  results 

1  jttm  thick  layers  of  Al„sGa„s  As  were  grown 
using  both  As;  and  Asj  over  the  temperature 
range  610  to  710  °C.  In  agreement  with  earlier 
t'bserxations  we  observed  the  characteristic  surface 
roughness  [6]  when  using  Asj  as  a  group  V  source 
but  this  was  entirely  eliminated  when  using  .As;  in 


agreement  with  our  earlier  unpublished  observa¬ 
tions  and  those  reported  in  the  literature  [7].  Lower 
oval  defect  densities  were  also  observed  in  films 
grown  with  the  dimer  compared  with  those  grown 
using  the  tetramer 

Fig.  1  shows  the  structures  that  we  have  grown 
for  this  study.  Fig.  2  shows  the  effect  of  substrate 
temperature  on  the  threshold  current  of  the  four 
sets  of  structures.  The  first  series  consist  of 
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GRIN-SCH-SQWs  (57  A,  20  MLs),  the  second 
series  have  a  60  period  GaAs(3  ML)/AlAs(3  ML) 
SL  placed  immediately  before  the  GRIN  region, 
the  third  series  are  abrupt  SCH-SQW  (57  A,  20 
MLs)  lasers  with  45  period  G2lAs(4  ML)/A1As(4 
ML)  SL  immediately  before  and  after  (to  make 
the  optical  confinement  symmetrical  with  respect 
to  the  SQW)  the  SC  region.  In  the  fourth  series 
the  25%  (Al,Ga)As  alloy  parts  of  the  SCH  region 
were  replaced  by  a  31  period  GaAs(8  ML)/AlAs(4 
ML)  SP-SL  structure  which  gives  an  approxi¬ 
mately  equivalent  band  gap  material. 

In  all  cases  there  is  evidence  for  only  a  weak 
effect  of  varying  the  substrate  temperature,  con¬ 
trary-  to  the  results  reported  for  samples  grown 
with  AS4.  We  also  see  little  variation  in  laser 
wavelength  with  substrate  temperature  and  the 
measured  values  agree  with  those  predicted  for  the 
nominal  structure  within  experimental  error.  From 
this  it  is  evident  that  the  use  of  AS2  under  these 
conditions  has  resulted  in  little  loss  of  Ga  over  the 
whole  temperature  range  used  for  growth.  As  we 
have  recently  shown  [17]  and  will  report  elsewhere 
at  this  conference  in  more  detail,  this  is  consistent 
with  the  ob.servation  that  the  rate  of  loss  of  Ga 
(In)  from  the  surface  is  higher  from  free  metallic 
Ga  (In)  than  from  the  group  III  element  already 
incorporated  into  the  lattice.  Using  the  dimer  re¬ 
duces  the  amount  of  free  metallic  group  III  pre¬ 
sent  on  the  surface  during  grow-th  and  this  in  turn 
reduces  the  loss  at  high  temperature. 

We  have  observed  no  significant  variation  with 
growth  temperature  of  other  laser  properties  such 
as  the  external  differential  efficiency,  junction 
threshold  voltage  and  resistance  of  the  devices.  In 
most  ca.ses  no  significant  trend  was  observed  ex¬ 
cept  for  a  small  increase  in  external  differential 
efficiency  from  40%  to  60%  with  increa.sing  sub¬ 
strate  temperature  for  the  fourth  set  of  devices 
with  SLs  in  the  separate  confinement  region. 

Broad  area  devices  have  been  fabricated  on  a 
number  of  the  wafers  and  the  lowest  threshold 
current  densities  achieved  for  the  alloy  and  SL 
barrier  lasers  were  236  and  232  A  cm~^,  resprec- 
tively.  This  compares  favourably  with  other  data 
present  in  the  literature  for  lasers  of  similar  cavity 
length  operating  at  the  same  wavelength  ( ~  820 
nm)  [12,13]. 


4.  Conclusions 

We  have  shown  that  the  use  of  As,  enables 
“state-of-the-art”  lasers  .to  be  grown  over  a  wide 
range  of  substrate  temperatures  (610-710  °C) 
compared  with  the  situation  using  As^  where  it  is 
essential  to  go  to  the  highest  temperature  (710 °C) 
to  obtain  low  threshold  current  devices.  This  im¬ 
provement  correlates  with  the  fact  that  the  mor¬ 
phology  of  (Al,Ga)As  layers  grown  with  As,  is 
good  over  the  whole  temperature  range,  whereas 
those  grown  with  AS4  in  the  so-called  forbidden 
substrate  temperature  region  exhibit  a  characteris¬ 
tic  surface  roughness.  An  additional  benefit  in  the 
use  of  As,  is  the  reduced  loss  of  Ga  at  high 
temperatures  due  to  a  lower  amount  of  free 
metallic  Ga  present  on  the  surface  during  growth. 
The  use  of  As,,  therefore,  enables  acceptable 
growth  to  take  place  in  the  temperature  range 
where  small  variations  in  substrate  temperature 
across  the  slice  become  unimportant,  leading  to 
better  control  of  thickness,  alloy  composition  and 
hence  lasing  wavelength. 
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Three  tvpes  of  vertical  cavitv  surface  emitting  lasers  based  on  GaAs/AlGa,As  have  been  grown  hv  molecular  beam  epiiaxv 
(MBhi.  The  laser  structures  with  top  emission  have  been  evolved  frv'in  a  simple  double  helerostruclure  (DH)  with  n-lype  distributed 
Bragg  reflectv'rs  iDBR)  as  the  bottom  mirror  and  a  semitransparent  Ag  as  the  top  mirror,  to  a  DH  structure  with  a  hybrid  reflector 
consisting  of  a  thin  metal  and  a  few  pairs  of  p-DBR  as  the  top  mirror,  and  to  a  structure  again  with  a  hybrid  reflector  as  the 

lop  mirror,  MBh  growth  of  these  three  device  ..Iruciures  is  discussed,  particularly  on  the  in-silu  growth  of  metals  on  GaAs.  Devices 
have  been  fabricated  and  measured.  .A  iheorelical  model  has  been  used  to  gain  an  understanding  of  the  parameters  in  each  design. 
The  MBF  growth  techniques  have  been  improved  to  modify  the  heierosiructural  interface  in  the  DBR  to  reduce  the  series  resistance 
The  laser  performance  has  been  improved  from  a  high  threshold  current  in  the  first  structure  to  a  much  lower  threshold  current  in  the 
second  structure  and  finally  to  a  cw  room  temperature  operation  with  low  threshold  currents  in  the  third  structure. 


1.  introduction 

Vertical  cavity  surface  emitting  lasers  (SELs) 
have  recently  attracted  a  lot  of  interest  due  to 
their  unique  features  and  potential  applications 
[14].  For  example,  fabrication  of  integrated  opti¬ 
cal  structures  such  as  high  density  laser  arrays  or 
chip-to-chip  communication  elements  with  high 
speed  and  high  data  rate  transmission  could  be 
realized.  Also.  SEE  arrays  could  serve  as  drivers  in 
optical  logic  .systems. 

To  date,  SELs  have  shown  room  temperature 
continuous  wave  (cw)  performance  using  GaAs  or 
InGaAs  quantum  wells  (QWs)  or  GaAs/AIGaAs 
double  heterostructures  (DHs)  [1-4],  Although 
most  of  the  reported  SELs  emit  light  from  the 
substrate  side,  light  emission  in  a  SEL  can  be 


taken  from  the  epitaxial  side  (top  emission).  Top 
emis.sion  simplifies  prix;e.ssing  since  substrate  re¬ 
moval  is  not  necessary  [4.5]. 

In  this  work,  three  types  of  top  emitting  SELs 
are  reported  as  shown  in  fig.  1.  The  design  con¬ 
cept  has  been  evolved  from  a  simple  DH  structure 
with  a  thin  metal  mirror,  to  a  DH  structure 
with  a  hybrid  mirror  (thin  metal  plus  a  few  pairs 
of  semiconductor  distributed  Bragg  reflectors. 
DBRs),  and  finally  to  a  QW  structure  with  a 
hybrid  mirror.  We  have  gained  a  better  under¬ 
standing  of  the  parameters  in  each  design  as  the 
structure  becomes  more  sophisticated.  At  the  same 
lime,  we  have  improved  our  growth  techniques 
including  a  more  preci.se  control  in  the  growth 
rates  and  the  ability  to  reduce  the  series  resistance 
in  the  p-DBR  by  modifying  the  AlAs/GaAs  inter- 
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Fig,  1 .  Schematic  representation  of  the  vertical  cavity  surface  emitting  laser  diodes  and  their  light  output  power  versus  current  (/.-/) 
curves:  (a)  a  DH  structure  with  n-DBR  as  the  bottom  mirror  and  a  semitransparent  Ag  as  the  top  mirror;  (b)  a  DH  structure  using  a 
hybrid  reflector  consisting  of  a  thin  metal  and  a  few  pairs  of  p-DBR  as  the  top  mirror;  (c)  a  3-QW  structure  with  a  hybrid  reflector  as 

the  top  mirror. 


face.  Using  this  understanding,  the  laser  perfor¬ 
mance  has  been  improved:  low  threshold  currents 
under  cw  ojjeration. 

2.  Experimental 

The  first  structure,  labeled  (a)  in  fig.  1,  has  a 
lightly  p-doped  bulk  GaAs  (5  X  10'^  cm  ’)  active 
layer  0.6  pm  thick.  The  confinement  layers  are  0.5 
pm  p-Alp  jOaojAs  (5  x  10'* cm"’)  on  the  top  and 
2-3  pm  n-Alo25Gao.75As  (7x10”  cm"’)  at  the 
bottom.  A  thin  heavily  p-doped  AIq  iGag  yAs  ( a  5 
X  10'’cm"’)  was  put  on  the  very  top  to  facilitate 


the  ohmic  contact.  The  bottom  mirror  consists  of 
22.5  pairs  of  a  quarter-wave  n-type  doped 
AlAs(730  A)/Alu,Gao9As(620  A)  multilayer 
DBR.  Thin  A^  layers  with  various  thickness  from 
300  to  2000  A  used  as  the  top  mirror  were  de¬ 
posited  at  120°C  in  a  separate  e-beam  evaporator. 
The  n-DBR  mirror,  doped  to  a  level  of  1  x  10'* 
cm"’  with  Si,  was  grown  at  a  substrate  tempera¬ 
ture  of  580-600°C.  All  the  quarter-wave  DBR 
mirrors  mentioned  in  this  work  have  been  grown 
in  this  temperature  range.  A  few  attempts  to  grow 
the  DBR  mirrors  at  a  higher  temperature  >  620°C 
proved  to  be  unsatisfactory. 

The  second  structure,  also  a  DH  and  labeled 
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Fig.  2.  Sequence  of  RHEED  patterns  recorded  during  the  MBE  growth  of  a  Au/Ag/Fe/GaAs  structure.  All  patterns  were  recorded 
along  [110].  Pattern  (a)  shows  a  GaAs  As  stabilized  surface.  Pattern  (b)  was  recorded  after  the  growth  of  35  A  Fe  al  180°C.  Pattern 
(c)  was  recorded  after  the  growth  of  100  A  Ag  at  180°C  on  Fe.  Pattern  (d)  was  recorded  after  the  growth  of  200  A  Au  at  180°C  on 


(b)  in  fig.  1.  has  a  smaller  cavity  length,  of  0.89 
ftm.  corresponding  to  3.5  A  (optical  wavelength) 
between  two  mirrors.  The  bottom  mirror  is  an 
n-DBR  identical  to  that  used  in  the  first  structure. 
The  top  mirror  is  a  thin  metal/ semiconductor 
p-DBR  hybrid  reflector.  The  p-DBR  mirror  con¬ 
sists  of  7.5  pairs  of  quarter-wave  AlAs/ 
Al„,Gao9As  with  a  linearly  graded  interface,  and 
was  doped  to  a  level  of  3  x  10'*  cm“^  with  Be. 
The  thin  metal  in  this  second  structure  is  an 
in-situ  epitaxially  grown  composite,  and  consists 
of  Au/Ag/Fe  (200/100/35  A). 

The  in-situ  epitaxial  metal  growth  on  GaAs  are 
discussed  in  the  following.  Unlike  the  growth  of 
Al(OOl)  single  crystal  on  GaAs(001)  in  which  a 
45°  azimuthal  rotation  occurs  to  minimize  a  large 
lattice  mismatch  between  Al  and  GaAs,  the  growth 


Ag. 


Fig.  3.  Lasing  threshold  currents  versus  thickness  of  Ag  mirror; 
experimental  and  theoretical  data.  The  Ag  contact  is  20  pm  in 
diameter 
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of  Ag  single  crystal  on  GaAs(OOl)  was  found  to  be 
much  more  difficult.  Streaky  reflection  high  en¬ 
ergy  diffraction  (RHEED)  patterns  of  the  Ag  were 
observed  only  after  the  deposition  of  films  at  least 
500  A  thick.  Somewhat  surprisingly,  there  is  no 
azimuthal  rotation  for  Ag(001)  on  GaAs(001).  For 
growing  thin  flat  Ag  single  crystal  (with  thickness 
of  less  than  200  A)  on  GaAs.  a  buffer  layer  may 
be  needed  to  screen  the  GaAs  surface  anisotropy. 
A  thin  layer  of  Fe  35  A  thick  [6]  provides  a 
successful  subsequent  growth  of  thin  Ag  and  Au 
as  indicated  by  the  RHEED  pattern  and  shown  in 
fig.  2.  Note  that  the  Au  on  top  of  the  Ag  is  for  the 
protection  of  the  devices  beneath  during  wet 
chemical  processing. 

The  third  structure,  labeled  (c)  in  fig.  1,  is 
similar  to  the  second  structure  with  the  following 
differences:  (1)  the  active  layer  consists  of  3  GaAs 
QWs.  (2)  the  number  of  periods  in  the  p-mirrors  is 
increased  to  11.5  with  a  higher  p-doping  of  5  X  lO'** 
cm”’  for  the  first  4.5  pairs  and  of  1  x  10'’cm”’ 
for  the  rest  of  the  mirror.  (3)  the  number  of 
periods  in  the  n-mirror  is  increased  to  30.5,  (4)  the 
thin  metal  layer  in  the  hybrid  is  ex-situ  deposited 
Ag  as  in  the  first  structure,  and  (5)  two-step 
interfaces  are  used  in  the  DBRs  to  reduce  the 
series  resistance  in  the  p-DBR. 


3.  Results  and  discussion 

3.1.  GaAs  hulk  active  region  and  thin  metal  as  top 
mirror 

Lasers  using  the  structure  of  fig.  la  were  fabri¬ 
cated  and  electrically  pumped  using  a  fine  probe 
through  the  thin  Ag.  Here,  the  thin  Ag  acts  both 
as  the  mirror  and  the  electrode.  The  electro¬ 
luminescence  (EL)  spectra  of  the  SEL  20  pm  in 
diameter  with  Ag  450  A  thick  show  four  Fabry- 
P6rot  (FP)  modes  in  the  wavelength  range  of  0.82 
to  0.9  pm.  The  positions  of  these  FP  modes  and 
the  separation  ( -  200  A)  between  them  are  in 
good  agreement  with  a  theoretical  calculation  of 
this  structure.  A  detailed  description  of  the  lasing 
measurement  and  characteristics  was  given  in  a 
separate  publication  [5]. 


Lasing  threshold  currents  under  pulsed  oper¬ 
ation  versus  the  thickness  of  Ag  mirrors  are  shown 
in  fig.  3.  TTie  lasing  threshold  current  is  30  mA  for 
a  Ag  2000  A  thick,  and  remains  roughly  at  this 
value  down  to  800  A.  As  Ag  thickness  is  further 
reduced,  the  threshold  rapidly  increases.  The  trend 
of  threshold  current  versus  Ag  thickness  is  shown 
in  fig.  3  and  is  in  good  agreement  with  a  theoreti¬ 
cal  model  based  on  the  reflectivity/  loss  character¬ 
istics  of  Ag  as  a  function  of  thickness.  This  theo¬ 
retical  curve  is  plotted  in  fig.  3  for  comparison. 
The  discrepancy  between  the  experimental  and  the 
theoretical  threshold  values  is  small  and  is  within 
experimental  error  such  as  exact  size  of  the  Ag 
dots,  or  flatness  and  thickness  of  the  Ag  films. 
The  optical  constant  («,  k)  of  Ag  used  in  the 
theoretical  calculation  is  (0.163.  5.95)  [7],  The  the¬ 
oretical  model  used  in  this  work  will  be  described 
in  a  later  paper  [8]. 

The  threshold  current  of  this  structure  with  Ag 
450  A  is  as  high  as  40  mA.  This  high  threshold  is 
due  to  the  low  reflectivity  of  the  thin  Ag.  The 
threshold  could  be  reduced  by  using  thicker  Ag: 
however,  the  thick  Ag  is  opaque,  and  the  structure 
can  not  emit  light  from  the  top  surface. 

3.2.  GaAs  bulk  active  region  and  hybrid  mirror  with 
thin  metal  and  semiconductor  DBR 

A  new  design  based  on  the  work  of  hybrid 
reflector  [2]  and  thin  semitransparent  metal  [5J 
was  then  proposed  [8.9]  to  provide  high  reflectiv¬ 
ity  and  low  resistance  for  a  top-emission  structure. 
The  reflectivity  of  this  hybrid  structure  consisting 
of  a  thin  metallic  composite  Au/Ag/Fe  (200/ 
100/35  A)  and  7  pairs  of  AIAs/AIq  ,Gao.9As 
p-doped  DBR  is  97%.  For  comparison,  the  reflec¬ 
tivity  of  300  A  Ag  and  7  pairs  of  the  DBR  is 
-  80%  and  91%,  respectively.  The  second  SEL 
structure  discussed  here  and  shown  in  fig.  lb  was 
constructed  with  the  top  mirror  based  on  this 
hybrid  design.  The  doping  concentration  was  as 
low  as  3  X  10'*  cm”’  through  the  entire  p-DBR. 
Device  fabrication  was  carried  out  using  annular 
contacts  and  H^  ion  implantation  for  isolation 
[9],  The  threshold  is  12  mA  pulsed  for  a  10  pm 
size. 
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The  reason  why  this  structure  could  not  lase  cw 
is  because  of  heating  caused  by  the  high  voltage 
drop  across  the  p-DBR.  This  high  voltage  drop 
occurred  despite  the  effort  in  reducing  the  resis¬ 
tance  by  linearly  grading  the  interface  between  the 
AlAs  and  Aim  Gao,  As.  Th®  increase  in  p-doping 
to  the  level  of  high  10'*  cm“^  certainly  would 
drastically  reduce  the  resistance,  but  at  the  same 
time  it  would  only  slightly  increase  the  threshold 
current  as  is  discussed  in  one  of  our  publications 
of  the  effect  of  Be  doping  on  the  performance  of 
SELs  [10], 

3.3.  GaAs  MQW  active  region  and  hybrid  mirror 
with  thin  metal  and  semiconductor  DBR 

From  the  results  of  the  above  two  SEL  struc¬ 
tures,  we  have  learned  that: 

(1)  Thin  semitransparent  metals  when  properly 
prepared  may  give  low  resistance  but  would  not 
have  high  enough  reflectivity  needed  to  obtain  low 
threshold  currents.  A  hybrid  reflector  of  thin  metal 
and  a  few  pairs  (in  the  range  between  6  and  12 
pairs)  of  DBR  would  certainly  provide  high  reflec¬ 
tivity  and  low  series  resistance. 

(2)  Be  doping  in  the  high  10'*  cm“’  range  in  the 
p-DBR  lowers  the  series  resistance,  but  does  not 
substantially  increase  the  threshold  current. 

Based  on  the  above  considerations,  we  then 
designed  a  new  structure  as  shown  in  fig.  Ic.  This 
SEL  lases  cw  at  room  temperature  with  top  emis¬ 
sion  [9].  Voltage  at  the  threshold  current  of  11  mA 
is  3.2  V  and  100  differential  series  resistance  is 
obtained  in  devices  10  fxm  in  diameter. 


4.  Condusion 

From  the  device  characteristics  of  the  MBE 
grown  SELs  and  with  the  aid  of  the  theoretical 
model,  we  have  obtained  a  better  understanding 
on  the  parameters  in  each  design.  A  semitrans¬ 
parent  thin  metal  alone  as  the  mirror  does  not 


offer  high  enough  reflectivity  to  obtain  low 
threshold  currents.  The  hybrid  structure  consisting 
of  a  thin  metal  and  a  few  pairs  of  semiconductor 
DBR  provides  high  reflectivity  and  low  series  re¬ 
sistance.  The  in-situ  grown  metal  films  are  better 
than  the  ex-situ  ones  in  terms  of  flatness  and 
electrical  properties.  However,  a  systematic  com¬ 
parison  study  on  the  performance  of  devices  using 
these  two  different  forms  of  metals  is  needed  to 
assess  the  role  of  in-situ  metal  films  in  these 
devices. 

The  modifications  in  the  heterojunction  be¬ 
tween  AlAs/AlGaAs  in  the  p-DBR  whether  by  a 
linearly  graded  interface  or  a  two-step  one  has 
reduced  the  series  resistance.  However,  a  Be  dop¬ 
ing  in  the  high  10'*  cm"’  in  the  p-DBR  (after  a 
few  quarter-wave  pairs  away  from  the  active  re¬ 
gion)  is  needed  to  ensure  a  room  temperature  cw 
operation  in  the  present  SEL  structures. 
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Reduced  current  thresholds  in  GaAs/AlGaAs  vertical  cavity  surface 
emitting  lasers  using  4®  off-oriented  (001)  GaAs  substrates 

Y.H.  Wang  *,  K.  Tai,  Y.F.  Hsieh,  S.N.G.  Chu,  J.D.  Wynn,  M.  Hong.  R.J.  Fischer  and  A.Y.  Cho 

AT&T  Bell  Laboratories,  Murray  Hill,  Neu-  Jersey  07974,  USA 


GaAs/AIGaAs  vertical  cavity  surface  emitting  lasers  (VCSELs)  with  two  semiconductor  distributed  Bragg  reflectors  (DBRs)  were 
grown  by  molecular  beam  epitaxy.  The  threshold  current  was  found  to  be  20-50%  less  on  an  average  for  the  bulk  VCSELs  with  an 
active  layer  of  0.47  ftm  thick  grown  on  the  4“  off-orientation  ((X)l)  substrates  than  those  on  the  on-orientation  ones.  The  lower 
threshold  current  was  attributed  to  the  smoother  interfaces  of  the  AI„|Ga|,,,As/AlAs  DBRs  in  the  off-orientation  growth  ob.served 
by  transmission  electron  microscopy. 


1.  Introduction 

The  development  of  vertical  cavity  surface 
emitting  lasers  (VCSELs)  [1-7]  has  made  them 
attractive  for  many  applications,  ranging  from 
monolithic  optoelectronic  integration,  chip-to-chip 
optical  interconnection,  high  power  arrays,  and  to 
low  cost  discrete  devices.  Distributed  Bragg  reflec¬ 
tors  (DBRs)  [2-7]  consisting  of  periodic  quarter 
wavelength  stacks  of  low  and  high  refractive  index 
compound  semiconductors  are  very  promising  for 
the  implementation  of  the  novel  VCSEL  structure. 
The  advantages  of  incorporating  DBRs  in  VCSELs 
are  epitaxial  growth  compatibility  and  uniform 
vertical  current  injection  through  the  doped  semi¬ 
conductor  reflectors.  To  achieve  high  reflectivities 
of  -  99%  for  low  threshold  current  In.Ga, .  ,As/ 
GaAs  or  GaAs/AlGaAs  VCSELs.  ~  20  pairs  or 
more  of  quarter  wavelength  Al.Ga,  ^  ,As/Al, 
Ga,  ,As  (a  -  0  and  y  ~  1)  are  required. 

Surface  morphologies  on  the  growth  of  Al, 
Ga,  ,As  (a  <0.3)  on  GaAs  have  been  studied 
previously  (8-11).  However,  the  growth  of  high 
quality  thick  A1  ,Ga,  ^ As/ A1  ,Ga, ._ , As  DBR 
structure  with  AlAs  mole  fraction  near  unity  was 
difficult  (8,9).  As  shown  in  fig.  la,  the  transmis¬ 
sion  electron  microscopy  (TEM)  cross-sectional 
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image  of  the  Al,,  iGa^^As/AlAs  DBR  structure 
grown  by  molecular  beam  epitaxy  (MBE)  on  a 
(001)  Si-doped  GaAs  substrate  indicates  quasi- 
periodic  zigzag  roughness  appearing  in  the  upper¬ 
most  Al„  ,Ga,mAs/ AlAs  interfaces  as  the  number 
of  layers  becomes  large  even  though  the  starting 
substrate  and  the  lower  hetero-interfaces  near  the 
substrate  are  flat.  Another  growth  instability  of 
the  quarter  wavelength  stack  can  also  be  ob.served 
as  shown  in  fig.  lb  which  is  the  n-mirror 
(Alfl  |Ga,)9As/AlAs)  of  a  VCSEL.  The  initial 
periods  from  substrate  have  smooth  hetero-inter¬ 
faces.  The  Al„  ,Ga„yAs  layer  can  smooth  out  the 
roughness  of  the  AlAs  layer  as  can  be  seen  in  the 
AlAs/ AIq ,Ga|,,As  interface.  The  roughness  of 
AlAs  surface  is  still  ob.served  and  becomes  more 
serious  as  the  number  of  period  increases.  The 
rough  hetero-interface  introduces  diffraction  and 
scattering  loss,  deforms  the  wavefront  of  the  re¬ 
flected  optical  wave,  and  thus  reduces  the  effective 
reflectivity  of  the  DBR  structures.  The  quality  of 
the  active  layers  grown  subsequently  on  the  top  of 
the  DBR  structures  may  also  be  degraded.  It  is 
thus  important  to  avoid  this  spatial  instability  in 
the  MBE  growth  of  VCSELs  employing  the  DBR 
structures. 

In  this  paper,  we  show  that  the  roughness  in 
thick  AlGaAs  DBR  structures  may  be  eliminated 
when  employing  the  misoriented  sub.strates. 
Threshold  currents  of  the  GaAs/AlGaAs  VCSELs 
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n-type  17.5-pair  Al„  iGaogAs/AlAs  DBR,  meas¬ 
ured  by  an  infrared  (IR)  pyrometer,  was  either  580 
or  630°C.  The  substrate  temperature  for  the  sub¬ 
sequent  growth  of  the  n-Alo  jGo  yAs  confinement 
layer,  GaAs  active  layer,  p-type  AlQ3Gao7As  layer 
and  p-type  DBR  were  680,  570,  585  and  550®C, 
respectively.  The  device  processing  of  the  VCSELs 
for  the  epitaxially  grown  DBR  vertical  cavity 
structures  involves  mesa  formation  by  wet  chem¬ 
ical  etching,  ohmic  contact  formation  by  E-beam 
evaporation  of  metals,  and  etching  holes  in  the 
substrate  for  light  transmission.  The  details  were 
stated  previously  (6,7). 

3.  Results  and  discussion 

Fig.  2  shows  a  section  of  TEM  cross-sectional 
profiles  of  the  on-orientation  and  4°-off  GaAs/ 


AlGaAs  VCSEL  wafers  grown  at  the  same  run 
with  a  substrate  temperature  of  630°C  during  the 
n-type  AIq  ,Gao9As/AlAs  DBR  growth.  Rough 
interfaces  are  evident  in  the  top  several  n-type 
DBR  layers  of  the  on-orientation  substrate,  while 
much  smoother  interfaces  throughout  the  whole 
VCSEL  structure  were  seen  for  the  off-orientation 
substrate.  As  previously  mentioned,  the  roughness 
originated  from  the  inherent  spatial  instability  in 
the  AlAs  growth  regardless  of  the  flat  starting 
substrate.  The  use  of  the  mis-oriented  substrate 
seemed  to  avoid  the  growth  instability  [1 1.13].  It  is 
well  known  that  substrate  misorientation  towards 
(lll)B  leads  to  a  rough  surface  morphology  for 
both  AlGaAs  and  GaAs,  while  misorientation  to¬ 
wards  (lll)A  leads  to  a  smooth  surface  mor¬ 
phology  [9-11].  The  implication  is  that  the  extra 
dangling  bonds  associated  with  the  surface  ledges 
for  (lll)B  misoriented  substrate  increase  the 


(•) 


p-Alo.iG*o.9As 

p-Alo.7Gao.3As 


\/4  REFLECTOR  STACK 


p-Alo.3Gao.7As  CONFINEMENT  LAYER 
p-GaAs  ACTIVE  LAYER 
n-Alo.3Gao.7As  CONFINEMENT  LAYER 
n:I'C.*Gao.9As  j  nEFLECTOR  STACK 
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p-Alp  iGao.gAs  I 

p-Aio.7Gao.3As  1  reflector  stack 

p-Alo.3Gao.7As  CONFINEMENT  LAYER 
p-GsAs  ACTIVE  LAYER 
n-Alo.3Gao.7As  CONFINEMENT  LAYER 

!I^Il'i*o.o.sAs  1  reflector  stack 


Fig.  2.  A  .lection  of  TEM  croM-sectional  images,  which  shows  only  the  top  three  n-DBR  pairs  and  n-confinement  layers,  of  the 
GaAs/ AlGaAs  VCSELs  grown  on  (a)  the  (001 )  on-orientation  and  (b)  the  4®  off  (001)  GaAs  substrates. 
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chemical  reactivity  of  the  surface,  which,  in  turn, 
initiates  the  three-dimensional  growth  mode  that 
the  surface  impurities  which  produce  similar  extra 
dangling  bonds  on  a  (100)  substrate  may  have  the 
same  effect  on  the  growth  morphology.  The  rough 
surface  morphology  eventually  is  revealed  in  the 
roughness  of  the  interfaces  in  a  heterostructure. 
The  amount  of  the  surface  impurity  accumulated 
during  the  growth  thus  determines  the  degree  of 
the  roughness  in  the  interfaces  [4].  For  (lll)A 
misorientation  surfaces,  the  number  of  dangling 
bonds  is  less  than  (100)  on-orientation  surfaces 
due  to  the  presence  of  Ga-like  surface  ledges.  The 
reduced  chemical  reactivity  renders  a  higher 
surface  mobility  for  the  adatoms,  which  may  pro¬ 
duce  the  smooth  surface  morphology. 

The  upper  5-pair  p-type  Al,,  ,Ga„<,As/ Al„7 
Ga„,As  DBR  structure  was  grown  at  a  lower 
substrate  temperature  of  550°C  and  a  higher 
AS4/III  ratio  to  achieve  a  Be  doping  concentra¬ 
tion  of  10''^  cm  ■'  [15).  Not  shown  in  fig.  2,  flat 
interfaces  in  the  p-type  DBR  structure  were  seen 
for  the  two  samples.  The  growth  of  thick  A1 
GaAs/GaAs/AlGaAs  double-heterostructure  ac¬ 
tive  region  ( -  0.8  jim)  and  the  incorporation  of 
superlattice  region  prior  to  the  growth  of  the  ac¬ 
tive  GaAs  layer  [12]  planarized  the  active  surface 
on  which  the  p-type  DBR  layers  was  deposited 
subsequently.  The  surface  morphology  of  the 
VCSEL  structures,  ;xamined  under  a  Nomarski 
optical  microscope,  's  essentially  flat,  independent 
of  the  substrate  orientation. 

The  spatial  instability  shown  in  fig.  1  and  2a 
was  found  to  be  reduced  by  employing  a  lower 
substrate  temperature  of  580  °C  in  the  growth  of 
the  n-type  DBR  structure  instead  of  630°C.  Sub¬ 
stantial  improvement  on  the  interface  flatness  was 
observed  by  TEM.  However  the  off-orientation 
growth  exnibited  smoother  interfaces  than  the 
on-orientation  one,  although  the  contrast  of  zigzag 
roughness  was  not  as  drastic  as  shown  in  fig.  2. 

A  single  longitudinal  mode  lasing  characteristic 
with  a  side  mode  suppression  ratio  of  40  dB  and  a 
resolution-limited  linewidth  of  2  A  was  observed 
for  VCSELs  independent  of  the  substrate  orienta¬ 
tion.  Due  to  the  thickness  variation  of  the  sample, 
the  emission  wavelength  varied  from  850  to  880 
nm  across  the  wafer.  The  typical  light  output 


versus  current  characteristics  of  the  off-orientation 
axis  grown  VCSELs  at  room  temperature  were 
measured  under  pulsed  condition  with  a  pulse 
width  of  200  ns  and  a  duty  cycle  of  2%.  The  peak 
output  power  is  greater  than  6  mW  with  a  slope 
efficiency  of  0.2  mW/mA.  The  operating  voltage 
at  the  threshold  is  3.5  V.  Similar  lasing  character¬ 
istics  were  seen  for  the  on-orientation  grown 
VCSEL  with  higher  threshold  currents  on  an  aver¬ 
age. 

The  threshold  current  (7,^)  of  VCSEL  depends 
on  the  mirror  reflectivity  and  emission  wave¬ 
length.  Due  to  the  short  cavity  length,  the  wave¬ 
length  of  the  Fabry- Perot  resonant  mode  (lasing 
wavelength)  varies  with  the  nonuniform  spacer 
and  DBR  layer  thicknesses.  The  threshold  current 
of  the  off-orientation  VCSELs  varied  from  12  t") 
40  mA.  Correlations  between  the  threshold  cur¬ 
rent  and  emission  wavelength  were  found,  where 
devices  with  low  threshold  currents  of  12  to  20 
mA  have  the  emission  wavelength  in  a  spectral 
region  of  860-875  nm.  For  the  on-orientation 
VCSELs.  larger  variation  in  /,(,  of  20  to  60  mA 
was  seen,  even  with  a  substrate  growth  tempera¬ 
ture  of  SSO^C  for  smoother  n-DBR  growth.  Both 
the  larger  7,^  variation  and  the  higher  7,^,  value 
indicate  lower  effective  mirror  reflectivities  in  the 
VCSELs  grown  on  the  on-orientation  substrates 
than  on  the  off-orientation  ones,  in  agreement 
with  the  TEM  study  discussed  earlier. 

Other  lasing  characteristics  such  as  the  circular 
two-dimensional  Gaussian-like  far-field  and  near¬ 
field  spatial  distributions,  and  linear  polarization 
were  similar  to  previously  reported  [6,7]. 

4.  Conclusion 

The  instability  in  the  MBE  growth  of  thick 
AlGaAs  DBR  structures  was  observed  by  trans¬ 
mission  electron  microscopy.  The  instability  re¬ 
sults  in  rough  hetero-interfaces  and  can  be  re¬ 
duced  by  employing  a  lower  substrate  tempera¬ 
ture.  More  importantly  we  observed  that  the  insta¬ 
bility  can  be  suppressed  by  using  mis-oriented 
substrates  for  a  wide  range  of  growth  temperature. 
A  20-50%  reduction  in  the  threshold  current  was 
achieved  for  the  GaAs/ AlGaAs  VCSEL  with  the 
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active  layer  of  0.47  (im  thick  grown  on  the  4°-off 
(001)  toward  (111)- A  substrate  than  on  the  on- 
orientation  (001)  ones. 
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GalnAs/InP  MQW  and  DBR  growth  for  surface  emitting  lasers 
by  CBE 
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Tokyo  Institute  of  Teehnotogv.  4259  Nagatsuta,  Mtdori-ku,  Yokohama  227.  Japan 


Growth  rales  of  1  to  6  pm/h  were  obtained  for  Ga„47lno53As  using  all  gas-source  chemical  beam  epitaxy.  Using  these  high 
growth  rales,  quantum  wells  and  distributed  Bragg  reflectors  were  g  vn  to  study  thickness  controllability  and  material  quality. 
Growth  rale  linearity  of  GalnAs  was  observed  from  growth  times  of  2  s  to  1  h.  The  photoluminescence  linewidth  of  29  meV  was 
obtained  for  38  A  wells  at  room  temperature.  We  also  investigated  doping  with  Si  and  Be  at  high  growth  rates;  as  high  as  2x  10^" 
cm  '  of  Be  doping  in  GalnAs  was  obtained.  Finally,  using  high  Si-doped  GalnAs  and  InP,  a  multi-layered  Bragg  reflector  was  grown 
yielding  85?  reflectivity  at  a  wavelength  of  1,6  pm. 


1.  Introduction 

Since  the  first  continuous  wave  operation  of 
surface  emitting  (SE)  laser  was  achieved  (I),  verti¬ 
cal  cavity  (wave  propagates  perpendicular  to  the 
interfaces)  SE  lasers  are  drawing  increasing  inter¬ 
est  in  optoelectronics.  To  obtain  high  performance 
SE  lasers,  the  use  of  distributed  Bragg  reflectors 
(DBRs)  and  quantum  wells  (QWs)  has  been  in¬ 
vestigated  [2-4).  However,  the.se  technologies  have 
yet  to  be  applied  to  long-wavelength  (1. 3-1.6  /im) 
SE  lasers.  For  developing  such  sophisticated  de¬ 
vices.  the  Ga,  In,  . ,  As/InP  system  is  one  very 
attractive  choice.  To  grow  high-reflective  DBRs 
and  high-quality  QWs  in  the  1.3- 1.6  /im  range, 
fast  growth  rates  with  precise  thickness  control  are 
highly  desirable  because  a  typical  SE  laser  needs  a 
total  epitaxial  layer  of  more  than  5  fim.  Also,  a  set 
of  DBRs  with  95%  reflectivity  itself  grows  to  be 
more  than  5  fim  [5],  To  grow  long  wavelength  SF, 
lasers,  especially  with  semiconductor  DBRs, 
growth  rate  is  then  a  crucial  parameter. 

Chemical  beam  epitaxy  (CBE),  which  uses 
metalorganics  and  hydride  gases  under  ultra-high 
vacuum  conditions  can  be  advantageously  used  to 
grow  GaInAs(P)/InP  at  high  growth  rates  [6,7], 

*  On  leave  from  Anrit.su  Co..  Atsugi-shi.  Kanagawa  243.  Japan. 


However,  to  grow  GalnAs/InP  SE  laser  structures 
at  such  high  growth  rates  by  CBE.  we  still  need  to 
know  some  fundamental  growth  conditions.  We 
have  then  grown  and  characterized  QWs  and 
DBRs  for  future  applications  to  SE  lasers.  It  is 
also  very  useful  to  have  optical  characteristics  of 
quantum  wells  at  room  temperature,  especially  for 
device  oriented  crystal  growth  as  a  reference. 


2.  Experimental 

A  Riber-made  two-chamber  CBE  system  and 
our  originally  designed  cracking  cell  made  of  boron 
nitride  and  tantalum  were  used  for  the  experi¬ 
ment.  For  group  III  sources.  7%  trimethylindium 
(TMI)  and  20%  triethylgallium  (TEG)  in  hydrogen 
carrier  gas  were  used.  Pure  arsine  (AsH,)  and 
phosphine  (PH,)  were  used  for  the  group  V 
sources.  Cracking  temperature  was  kept  at  900  °C 
and  valves  were  used  instead  of  mechanical 
shutters.  The  substrate  temperature  was  fixed  at 
540  °C  and  constantly  monitored  by  a  pyrometer 
which  was  calibrated  against  the  melting  point  of 
InSb.  For  doping,  solid  Si  and  Be  were  used  in 
conventional  effusion  cells. 
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3.  Results  and  discussion 

We  used  TMl  flow  rates  to  change  InP  and 
GalnAs  growth  rates;  the  results  are  shown  in  fig. 
1.  Also  plotted  in  the  figure  are  TEG  flow  rates  to 
maintain  the  lattice-matching  condition.  All  sam¬ 
ples  were  grown  for  30  min.  Growth  rates  of  InP 
linearly  increased  with  TMI  flow  rates  from  about 
0.5  to  2.3  fim/h.  However,  GalnAs  growth  rates 
did  not  increase  linearly.  The  incorporation  of 
indium  for  a  given  arsenic  is  higher  than  that  of 
gallium;  therefore  a  larger  amount  of  TEG  is 
needed  to  maintain  lattice-match  resulting  in  a 
non-linear  growth  rate  increase.  The  highest 
growth  rate  obtained  with  a  mirror-like  surface 
was  6  ;im/h  for  GalnAs. 

Using  growth  rates  of  7  A/s  (2.52  fim/h)  and 
14  A/s  (5.04  fim/h).  quantum  wells  were  grown 
by  changing  growth  time  from  2  to  10  s.  In  fig.  2. 
well  thickness  obtained  from  a  transmission  elec¬ 
tron  microscope  (TEM)  and  X-ray  diffraction 
spectrum  are  plotted  for  growth  time.  The  slopes 
of  these  lines  are  in  agreement  with  growth  rates 
obtained  from  bulk  growth.  Also,  the  intersections 
of  these  lines  are  near  the  origin.  This  is  different 
from  results  obtained  by  metalorganic  chemical 
vapor  deposition  (MOVPE)  [8].  Room  tempera¬ 
ture  photoluminescence  spectra  of  QWs  grown  at 
7  A/s  are  shown  in  fig.  3.  The  narrowest  linewidth 
obtained  was  29  meV  at  room  temperature  and  at 
77  K,  a  linewidth  of  8  meV  was  obtained  for  QW 
samples  grown  at  GalnAs  growth  rates  of  7  and 
14  A/s  (9J.  In  fig.  4,  a  typical  X-ray  diffraction 


Fig.  1.  GalnAs  and  InP  growth  rates  are  shown  for  TMI  flow 
rates.  For  iattice-matching  and  non-linear  increase  of  GalnAs. 
TEG  flow  rates  are  also  shown. 
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Fig.  2.  Quantum  well  thickness  for  growth  lime  is  plotted  for 
GalnAs  growth  rates  of  7  and  14  A/s.  The  thinnest  well  was 
about  14  A  at  7  A/s. 


spectrum  where  up  to  8  satellite  peaks  can  be 
observed  is  shown.  These  results  indicate  that 
CBE  is  capable  of  growing  materials  at  relatively 
high  growth  rates  without  losing  controllability  or 
crystal  qualities. 

Silicon  and  beryllium  were  doped  in  GalnAs 
and  InP  using  growth  rates  of  14  A/s  for  GalnAs 
and  6  A/s  for  InP.  Hole  and  electron  concentra¬ 
tions  are  plotted  for  the  reciprocal  of  each  effu¬ 
sion  cell  temperature  in  fig.  5.  In  GalnAs,  we 
successfully  doped  up  to  2  X  10^“  cm"  '  with  Be 
[10]  and  1.5  X  10”  cm'-'  with  Si. 

The  absorption  edge  of  GalnAs  is  1.67  jam,  but 
this  can  be  shifted  to  shorter  wavelengths  by  dop¬ 
ing  GalnAs  to  highly  n-type  [11,12].  As  a  pre- 


TMI*0.48sccm  T»ub*540^(*  7\  sec 


Fig.  3.  Photoluminescence  spectra  of  quantum  wells  grown  at  7 
A/s  are  shown.  Well  thickness  and  linewidth  are  also  indicated 
in  the  figure. 
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Diffraction  Angle  (  29  ) 

Fig.  4.  Double-crystal  X-ray  diffraction  spectrum  is  shown  to 
indicate  periodicity  of  GalnAs  well  and  InP  barrier.  Up  to  8th 
order  of  satellite  peak  can  be  observed. 


liminary  experiment,  we  designed  and  grew  an 
18-pair  Si-doped  (1  X  10''*  cm  ')  GalnAs/InP 
DBR  for  a  wavelength  of  1.6  /am  at  growth  rates 
of  14  A/,s  for  GalnAs  and  6  A/s  for  InP.  Reflec¬ 
tivity  of  this  DBR  was  measured  and  is  shown  in 
fig.  6.  The  highest  reflectivity  obtained  was  85%  at 
1.6  jum.  For  a  typical  DBR  growth,  we  must  have 
less  than  2%  of  fluctuations  in  thickness  to  have  a 
maximum  reflectivity  at  a  desired  wavelength.  This 
result  shows  that  we  have  good  thickness  control¬ 
lability  and  periodicity  using  CBE  at  high  growth 
rates.  The  use  of  GalnAs/InP  for  DBRs,  however. 


■  iiP 


0.7  0.8  O.S 

Effusion  Cell  Temp.  '10001K> 

Fig.  5.  Hole  and  electron  concentrations  are  siiown  for  recipro¬ 
cal  of  each  effu.sion  cell  temp<‘raiure.  In  GalnAs.  2xl0’“ 
cm '  '  of  Be  doping  wa.s  achieved. 

is  still  in  consideration  because  of  the  impurity 
absorption  due  to  high  doping.  Further  investiga¬ 
tion  is  necessary. 

4.  Conclusions 

We  have  grown  QWs  and  DBRs  at  relatively 
high  growth  rates  by  CBE.  Even  at  high  growth 
rates,  high  quality  QWs  were  obtained  and  wave¬ 
length  could  easily  be  selected.  For  DBR  growth, 
it  would  be  unrealistic  to  use  slower  growth  rates 
for  real  time  device  growths.  Doping  levels  were 
also  well-controlled  and  we  have  shown  high  dop- 


Warelength  (pm) 


Fig.  6.  (a)  Refleciivjty  of  an  18-pair  GalnAs/lnP  DBR;  GalnAs  was  doped  to  1  X  lO”  cm  ’  with  Si.  (b)  Scanning  electron 

microscope  picture. 
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ing  was  possible  at  high  growth  rates.  Such  results 
indicate  that  CBE  has  good  growth  controllability 
and  feasibility  to  grow  QWs  and  DBRs  for  appli¬ 
cation  to  SE  lasers. 
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MBE  grown,  visible,  surface  emitting  harmonic  generation  lasers 

R.L.  Williams,  F.  Chatenoud 

Solid  State  Optoelectronics  Consortiurru  Molecular  Beam  Epitaxy,  National  Research  Council,  Ottawa,  Ontario.  Canada  K)A  0R6 


and 

R.  Normandin 

Optoelectronic  Devices,  National  Research  Council.  Ottawa.  Ontario.  Canada  KIA  0R6 


Using  an  MBE  grown  GaAs/AlGaAs  multilayer  structure  in  a  waveguide  geometry,  we  show  that  an  enhancement  for  surface 
emitting  harmonic  generation  in  excess  of  10  million  can  be  achieved.  Based  upon  this  effect,  we  propose  a  design  giving  monolithic 
surface  emitting  laser  sources  tuneable  from  red  to  blue  in  the  visible  spectrum. 


1.  Introduction 

Previous  work  by  Normandin  and  Slegeman 
[1],  has  reported  the  non-linear  mixing  of  oppo¬ 
sitely  propagating  guided  waves.  The  resultant 
field  in  such  an  instance  is  coupled  to  radiation 
modes  and  propagates  in  a  direction  perpendicu¬ 
lar  to  the  waveguide  surface  in  the  case  of  equal 
frequency  fundamentals.  The  overlap  of  the  two 
oppositely  propagating  fields  may  be  viewed  as 
giving  rise  to  a  non-linear  polarisation  source: 

P^'  =  iJ,,EAy)EAy) 

X  [exp(2iu)f ) -h  exp(  —  2i^jt )] ,  (1) 

where  is  the  second  harmonic  coefficient,  and 
the  oppositely  propagating  fields  are  given  by 

£,=  £'±(>')  exp[i(<jf  ±/cx)].  (2) 

In  bulk  media,  such  a  process  is  non-radiative 
due  to  the  simultaneous  requirements  of  energy 
and  momentum  conservation  in  all  directions.  This 
is  not  the  case  for  the  waveguide  geometry  de¬ 
picted  in  Tig.  1. 


The  formal  approach  to  evaluate  the  radiated 
field  is  based  on  a  surface  Green  function  ap¬ 
proach  first  developed  by  Sipe  [2].  From  eq.  (1)  we 
see  that  the  non-linear  polarisation  will  depend 
strongly  on  the  exact  shape  of  the  mode  amplitude 
distribution  and  polarisation.  We  consider  the 


Radiated 

Harmonic 

Light 

Fibre 

Fibre 

AIGaAs  Buffer 

GaAs  Substrate 

>>' 

- 

Fig.  1.  Experimenul  geometry  used  for  non-linear  harmonic 
cross-section  measurements. 
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polarisation  distribution  as  a  series  of  thin  dipole 
sheets  parallel  to  the  waveguide  surface: 

P{y')-PP\y)S(y-y'),  0) 

and  then  integrate  the  contributions  from  each 
sheet  following  the  actual  amplitude  and  phase 
distribution  of  the  non-linear  polarisation. 

If  the  depth  variation  of  the  refractive  index  is 
small  for  the  radiated  field,  then  its  form  will  be 
given  by 

£■*(>-)  =  £:^(y)  exp(  TiArV),  (4) 

where  -I-  and  -  indicate  the  presence  of  both 
surface  and  substrate  directed  harmonics.  The 
wavevector,  k'  =  nk,  is  at  the  harmonic  frequency, 
with  n  the  index  of  refraction,  again  at  the 
harmonic  frequency.  Substitution  of  eq.  (4)  into 
Maxwell’s  equations,  with  the  non-linear  driving 
term 

P{y)=  r  P:'{y')S(y-y’)dy\  (5) 

gives  the  field  intensity  radiated  from  the  surface 
as  proportional  to  SS*,  where, 

5  =  /“  dy'.  (6) 

Experimentally,  a  more  useful  quantity  is  the 
harmonic  cross-section,  defined  as  the  har¬ 
monic  radiated  intensity,  normalised  to  an  area  of 
1  mm  X  1  cm,  for  fundamentals  of  unit  intensity: 

=  (7) 


2.  Results  and  discussion 

As  an  example,  and  neglecting  materials  losses, 
the  cross-section  for  a  thin  GaAs  layer  is  shown  in 
fig.  2.  This  calculation  is  for  1.06  pm  for  the 
fundamental,  and  was  performed  several  years  ago 
by  Vella  et  al.  [3]. 

Strong  interference  effects  are  evident,  which 
can  be  explained  when  it  is  realised  that,  to  a  first 
approximation,  dipole  sheets  which  are  separated 
by  half  a  wavelength  will  produce  contributions 


thickness  (nm) 

Fig.  2.  Harmonic  cross-section  for  a  free  standing  GaAs  layer, 
with  fundamentals  at  1.06  /xm. 


that  cancel  exactly  in  the  far  field.  The  situation  is 
more  complex  in  reality,  since  the  non-linear 
polarisation  varies  in  magnitude  throughout  the 
waveguide.  For  a  fixed  input  intensity,  the  guided 
fundamental  field  decreases  with  increasing  guide 
thickness,  resulting  in  a  sharp  reduction  in  radia¬ 
ted  harmonic. 

In  order  to  get  usable  devices,  the  second 
harmonic  interaction  cross-section.  /1„|,  must  be 
improved  and  its  decrease  with  thickness  con- 
troled,  even  in  the  presence  of  substantial  materi¬ 
als  losses  at  the  harmonic  frequency.  We  have 
achieved  this  by  tailoring  the  refractive  index  vari¬ 
ation  with  depth,  n{y’)  in  eq.  (6),  so  that  all 
non-linear  field  contributions  are  in  phase  in  the 
far  field.  This  is  achieved  by  introducing  alternat¬ 
ing  layers  of  GaAs  and  AlGaAs  into  the  wave¬ 
guide  structure. 

Assuming  similar  non-linear  coefficients  for 
GaAs  and  AlGaAs.  calculations  were  performed, 
using  fully  complex  refractive  indices  and  hence 
including  absorption  losses,  for  alternating  Al¬ 
GaAs  layers  of  various  compositions  in  a  wave¬ 
guide  geometry,  with  an  AlGaAs  buffer  layer.  The 
results  of  this  calculation,  for  alternating  layers  of 
AIq  gGap  j  As  and  Al  q  .^^jaQ  ^  As  on  an  AIq  ^ClaQ  |  As 
buffer,  at  a  wavelength  of  1.06  pm  for  the  funda¬ 
mental,  are  shown  in  fig.  3.  together  with  a  similar 
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Thickness  (/xm) 

Fig.  3.  Harmonic  cross-section  for  an  Alo^GaoiAs/Alo7 
Gao  'jAs  multilayer  waveguide,  and  a  uniform  GaAs  wave¬ 
guide.  both  with  an  Alo9Gao)As  buffer.  The  point  shown  is 
the  experimentally  determined  cross-section  for  this  sample 
design.  The  fundamental  is  at  1.06  ^m. 

calculation  for  a  uniform  GaAs  waveguide  on  the 
same  buffer.  Note  the  uniform  cross-section  with 
thickness,  as  well  as  the  enhancements  in  excess  of 
10  million  in  some  regions  of  the  diagram. 

Considering  that  the  layer  spacings  in  the  wave¬ 
guide  are  at  half  wavelengths  of  the  harmonic  light 
(i.e.  of  the  order  of  600  A),  and  that  the  total 
waveguide  thickness  is  approximately  1  /im,  there 
cannot  be  many  layers  active  in  the  film.  To 
indicate  the  non-critical  nature  of  the  “  tuning”  in 
these  structures,  fig.  4  shows  the  variation  with 
period  of  the  harmonic  cross-.section  for  a  thick¬ 
ness  of  1  ftm.  The  overall  log  curve  is  similar  to 
that  from  an  antenna  array  in  aperture  microwave 
designs,  to  which  it  is  related.  It  is  clear  from  this 


Fig.  4.  Harmonic  cross-section  versus  multilayer  period,  with  a 
total  thickness  of  1  ^m.  for  an  Alo9GaoiAs/Alo.7Gao3As 
multilayer  waveguide  with  an  AlQQGaojAs  buffer.  The  funda¬ 
mental  is  at  1.06  /im. 


diagram,  that  because  the  number  of  layers  is 
small,  the  main  resonance  peak  is  extremely  broad. 
Thus  the  overall  design  is  not  sensitive  to  varia¬ 
tions  in  material  composition  or  layer  design. 

Initial  experiments  using  the  geometry  depicted 
in  fig.  1  have  been  performed  to  gauge  the  validity 
of  the  theory  described  above.  The  average  power 
coupled  into  the  waveguide  was  less  than  70  /iW, 
with  a  repetition  rate  of  7.7  kHz  and  pulse  widths 
of  200  ns.  The  1.06  ;im  light  source  was  an  un¬ 
polarised  CVI  Nd-YAG  laser.  Because  of  the 
orientation  of  the  (100)  substrates,  a  mixture  of 
TE  and  TM  polarisation  must  propagate  in  the 
waveguide  in  order  to  have  any  harmonic  signal 
generated.  Substrates  with  a  (111)  orientation  are 
being  used  to  overcome  this  limitation.  The  mode 


Table  1 

Predicted  and  measured  harmonic  cross-section  enhancements  over  uniform  GaAs  for  three  different  multilayer  waveguide 
structures;  the  fundamental  is  at  1.06  ftm 


Layer  1 

Layer  2 

Waveguide 

thickness 

(pin) 

Predicted 

enhancement 

Measured 

enhancement 

^^04G3o6^® 

GaAs 

0.6 

750  X 

800  X 

GaAs 

0.6 

3000X 

2400  X 

AlgoOSo.l^^ 

AI©  7GaQjAs 

I.O 

1000000 X 

5000000 X 
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beating  expected  in  the  harmonic  signal  was  clearly 
visible  when  imaging  the  harmonic,  green,  surface 
emission.  The  mode  beating  gave  rise  to  a  surface 
array  of  sources  spaced  a  few  hundred  microme¬ 
ters  apart.  As  the  coherent  array  radiated,  several 
sharp  side  lobes  could  readily  be  seen  with  the 
eye.  The  results  of  harmonic  cross-section  mea¬ 
surements  on  three  different  multilayer  waveguide 
structures  are  given  in  table  1.  These  structures 
were  grown  by  MBE  in  a  Vacuum  Generators 
V80H  deposition  chamber  at  growth  rates  of  ap¬ 
proximately  1  /im  h  ■ '  and  at  substrate  tempera¬ 
tures  of  approximately  700  °C. 

In  a  laser  cavity,  the  circulating  power  is  several 
orders  of  inagnitude  greater  than  that  used  in  our 
test  experiments.  In  a  ridge  geometry,  further  con¬ 
finement  exists  in  the  plane  of  the  guide  and 
power  densities  are  increased  by  another  order  of 


Fig.  5.  Geometry  for  an  electricaily  pumped,  visible,  surface 
emitting  harmonic  generation  la.ser  using  an  InGaAs  QW 
embedded  in  a  multilayer  AlGaAs  waveguide.  Lasing  and 
radiating  regions  differ  only  by  the  controlled  etch  off  of  the 
p-type  cladding  regions  for  the  radiator. 


magnitude.  If  we  view  the  electromagnetic  field 
propagating  in  a  laser  cavity,  consisting  of  a  wave¬ 
guide  for  light  confinement,  as  two  contra-propa¬ 
gating  fields  of  identical  wavelength,  then  applica¬ 
tions  of  the  second  harmonic  enhancement  dis¬ 
cussed  above  are  obvious. 

As  an  example,  a  possible  geometry  for  an 
electrically  pumped,  visible,  surface  emitting, 
harmonic  generation  laser,  on  a  (111)  orientation 
substrate,  is  shown  in  fig.  5.  The  device  consists  of 
two  separate  regions,  an  active  region  and  a 
radiating  region,  with  the  layer  structure  for  both 
regions  being  identical  prior  to  any  post  growth 
processing.  The  active  region,  to  the  right  in  fig.  5. 
is  a  standard  p-i-n  SCH  semiconductor  diode 
laser  structure,  except  that  the  quantum  well  is 
embedded  in  a  multilayer  waveguide.  The  material 
above  the  multilayer  waveguide  is  the  p-type  clad¬ 
ding  region  common  to  typical  diode  lasers. 

The  radiating  region,  to  the  left  in  fig  5.  has  the 
material  above  the  multilayer  waveguide  removed, 
to  allow  harmonic  radiation  from  the  surface.  This 
process  can  easily  be  facilitated  with  the  inclusion 
of  an  etch  stop  layer.  The  laser  mirrors  are  the 
front  and  back  cleaved  edges  of  the  chip.  Indeed, 
by  providing  100%  mirrors  for  the  fundamental 
wavelength,  the  overall  lasing  threshold  can  be 
substantially  lower  than  that  of  a  conventional 
laser.  By  using  conservative  estimates  of  the  ridge 
width  and  length,  and  of  the  intra-cavity  lasing 
power  of  a  typical  InGaAs  laser  for  example,  a 
radiated  field  of  better  than  0.1  mW  CW  is  ob¬ 
tained  for  green  operation.  The  full  visible  spec¬ 
trum  can  be  reached  by  using  InP  (red).  InGaAs 
(yellow,  green)  or  GaAs  (blue). 

3.  Conclusions 

By  using  an  AlGaAs  multilayer  structure  in  a 
waveguide  geometry,  we  have  shown  the  feasibility 
of  enhancing  the  harmonic  surface  emission  by 
factors  in  exce.ss  of  10  million.  Harmonic  cross- 
-section  measurements  on  MBE  grown  multilayer 
structures  in  this  geometry  show  good  agreement 
with  theoretical  predictions.  A  possible  geometry 
for  electrically  pumped,  surface  emitting,  visible, 
harmonic  generation  lasers  is  discussed. 
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A  novel  melhixl  has  been  used  to  smooth  out  the  energy  band  discontinuity  at  the  heterojunction  of  AlAs  and  GaAs  in 
quarter-wave  di«irihuted  Bragg  reflectors  (DBRsf  bv  linearly  grading  the  A1  and  Ga  compositions.  This  has  been  achieved  by  simply 
varying  the  cell  temperatures  of  Al  and  Ga  No  shutter  operation  was  used  during  the  MBE  growth  of  these  DBR  mirrors.  Low  series 
resistance  at  a  moderate  doping  (.lx  10'"  cm  ’)  and  high  optical  reflectivity  have  been  obtained  in  the  p-type  DBRs  using  our 
approach.  These  p-DBRs  were  characterized  by  high-resolution  X-ray  diffraction,  optical  reflectivity,  and  electrical  measurements. 


1.  Introduction 

Distributed  Bragg  reflectors  (DBRs)  con.si.sting 
of  periodic  quarter-wave  stacks  of  low  and  high 
refractive  index  compound  semiconductors  find 
applications  in  many  optoelectronic  devices  such 
as  vertical  cavity  surface  emitting  la.sers  [1-3).  For 
the  GaAs/AIAs  system,  very  high  reflectivity  has 
been  achieved  by  choosing  the  largest  possible 
refractive  index  difference  between  the  two  con¬ 
stituents,  with  compositions  of  the  chosen  con¬ 
stituents  being  determined  by  the  need  of  the 
experiments.  However,  the  potential  barriers  at 
the  heterointerfaces  (between  the  two  constituents, 
for  example,  GaAs  and  AlAs)  due  to  the  energy 
bandgap  difference  impiede  the  carrier  flow  and 


give  large  series  resistances,  particularly  in  the 
p-lype  doped  case.  In  the  case  of  vertical  cavity 
surface  emitting  lasers,  the  series  resistance  in  the 
DBR  mirrors  causes  thermal  heating  and  thus 
deteriorates  the  laser  performance. 

As  has  been  known,  the  series  resistance  can  be 
reduced  when  the  barrier  height  at  the  heterojunc¬ 
tions  is  lowered.  Experimentally,  lowering  of  the 
barrier  height  has  been  achieved  by  modify  the 
band  discontinuity  by  inserting  an  AlGaAs  region 
with  either  one  intermediate  composition  [4]  or  a 
range  of  smoothly  graded  Al  compositions  [4,5]. 
The  latter  approach  of  using  graded  Al  composi¬ 
tions  has  been  implemented  by  growing  10-20  A 
short  periods  of  multilayers  with  a  variable  duty 
cycle  such  that  the  average  Al  content  is  smoothly 
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graded.  Recently,  another  approach  using  two  or 
three  AlGaAs  layers  of  intermediate  compositions 
was  applied  to  the  growth  of  p-DBRs  to  lower  the 
series  resistance  [6,7]. 

Shutter  operation  during  the  MBE  growth  has 
been  employed  in  all  the  methods  mentioned 
above.  Particularly  for  the  approach  using  short- 
period  multilayers,  over  20  shutter  operations  have 
been  used  for  the  growth  of  each  period  in  the 
DBR  mirror.  As  a  consequence,  several  hundred 
shutter  operations  are  needed  for  one  single  growth 
of  a  vertical  cavity  surface  emitting  laser.  Any 
fault  in  shuttering,  even  if  only  once  during  the 
entire  growth,  will  ruin  the  device  performance. 

In  this  paper,  we  present  a  simple  approach  to 
smooth  out  the  band  discontinuity  at  the  hetero- 
junction  of  GaAs/AlAs  by  linearly  grading  at  Al 
and  Ga  compositions  without  any  shutter  operation 
during  the  MBE  growth.  This  has  been  achieved 
by  varying  the  effusion  cell  temperatures  of  Al 
and  Ga  simultaneously,  and  repeating  the  se¬ 
quence  of  the  temperature  profiles.  We  have 
achieved  excellent  results  in  the  p-DBRs  using  our 
present  approach,  i.e.  low  series  resistance  at  a 
moderate  doping  level  and  high  optical  reflectiv¬ 
ity.  The  growth  rate  of  AlAs.  GaAs,  and  graded 
AlGaAs  regions  has  been  kept  almost  the  same; 
thus  a  constant  doping  profile  has  been  main¬ 
tained  throughout  the  entire  DBR.  We  have  re¬ 
duced  the  specific  series  resistance  in  the  p-DBR 
of  8  pairs  of  GaAs/AIAs  to  .‘i  x  10  i2  cm’  for  a 
doping  concentration  of  3x  10'**  cm  and  to 

7  X  10  '  K  cm’  for  a  doping  concentration  of 

8  X  10"*  cm  \ 


2.  Experimental 

The  growth  rates  of  GaAs,  AlAs.  and  AlGaAs 
as  functions  of  cell  temperatures  of  Al  and  Ga 
have  been  calibrated  initially  using  RHEED  oscil¬ 
lations  and  from  the  flux  gauge  readings.  A  more 
accurate  determination  of  the  growth  rates  has 
been  carried  out  by  high-resolution  X-ray  diffrac¬ 
tion  (8)  and  optical  reflectivity  measurements  on 
DBRs  of  at  least  5  periods.  The  growth  rate  infor¬ 
mation  was  fed  into  a  computer  program  which 
tailors  the  change  of  Al  and  Ga  cell  temperatures 


as  a  function  of  time  to  produce  a  desired  graded 
interface.  The  temperature  controllers  used  here 
are  the  Eurotherm  822,  and  the  power  suppliers 
are  the  Hewlett-Packard  (HP)  System  Power 
Supply  with  a  capacity  of  0-60  V,  0-50  A,  and 
1000  W. 

Typical  temperature  profiles  from  the  thermo¬ 
couple  readings  of  Al  and  Ga  effusion  cells  are 
plotted  in  fig.  1.  During  the  growth  of  an  AlAs 
layer  as  indicated  by  (a)  in  the  figure,  the  Ga  ceil 
temperature  was  lowered  to  780  °C  to  give  pure 
AlAs  growth.  In  the  case  of  AlGaAs  growth,  the 
Ga  cell  temperature  was  raised  slightly  higher  to 
produce  an  AlGaAs  layer  with  a  designed  com¬ 
position.  For  the  growth  of  GaAs  (as  indicated  by 
(c)  in  the  figure)  or  the  Ga-rich  AlGaAs,  the  Al 
cell  temperature  was  lowered  to  produce  a  desira¬ 
ble  composition.  Regions  (b)  and  (d)  are  the  com¬ 
position  graded  area  in  which  the  Al  cell  tempera¬ 
ture  was  varied  from  980  to  1150°C  and  that  of 
Ga  from  930  to  780  °C.  The  temperature  profiles 
for  Al  and  Ga  were  chosen  to  keep  the  total 
growth  rate  of  the  AlGaAs  constant  and  the  same 
as  those  of  the  AlAs  and  GaAs. 

Note  that  growth  rate  versus  temperature  is  not 
linear.  A  linearly  graded  Al  (or  Ga)  content 
throughout  the  region  has  been  approximated. 


o 


Tinw  Growth 

Direction 


Fig.  1.  Temperature  profiles  of  Al  and  Ga  cells  as  function  of 
time  for  a  growth  of  a  DBR  mirror  with  linearly  graded 
interfaces. 
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therefore,  by  an  adjustment  in  temperature  ramp 
rate  versus  time  (i.e.  distance). 

The  series  resistance  measurements  were  per¬ 
formed  on  samples  grown  with  the  following  se¬ 
quence.  A  buffer  layer  of  n-GaAs  followed  by  one 
of  p-GaAs  both  0.5  fim  thick  was  grown  on  the 
n-GaAs  substrate  before  the  growth  of  p-DBRs. 
The  DBR  layers  have  nominal  Be  doping  con¬ 
centrations  of  3  X  10'*  and  8  x  10'*  cm“  ',  respec¬ 
tively.  The  very  top  layer  (100  A)  of  the  DBRs  has 
been  dopwd  heavily  to  3  X  10'“*  cm“^  for  the  con¬ 
tact.  Alloyed  AuBe  or  Ag  metals  were  used  as 
electrodes. 

A  direct  /-  V  measurement  was  performed  on 
mesas  30  pm  in  diameter.  The  mesas  were  formed 
by  wet  chemical  etching  down  to  the  n-type  GaAs 
layer.  The  series  resistance  was  determined  from 
the  forward  diode  current  versus  voltage  (I-V) 
characteristics  between  2  and  2.5  V.  Another  elec¬ 
trical  measurement  was  a  standard  transmission 
line  measurement  [9]  performed  before  and  after 
etching  away  all  the  DBR  layers  between  the 
metal  contact  pads. 


High-resolution  X-ray  diffraction  (HRXRD) 
has  been  implemented  to  evaluate  the  structural 
quality  of  the  AlAs/GaAs  DBRs.  The  X-ray  stud¬ 
ies  were  carried  out  with  a  previously  described 
HRXRD  geometry  [10].  X-ray  scans  were  taken 
along  the  [AOO]  direction  in  the  vicinity  of  the 
(400)  and  (200)  reflection  with  the  diffractometer 
run  in  the  0-10  mode. 


3.  Results  and  discussion 

Using  our  method  described  above,  the  growth 
rates  for  AlAs,  GaAs.  and  graded  AlGaAs  were 
kept  constant.  This  has  been  achieved  by  using 
one  Al  and  one  Ga  cell.  In  the  case  of  one  or  two 
intermediate  layers  in  the  DBRs,  two  Al  and  two 
Ga  cells  may  have  to  be  employed  to  achieve  a 
similar  result  [6,7). 

With  the  cell  temperature  varying  up  and  down 
in  the  graded  region,  we  notice  that  there  is  an 
overshooting  during  the  temperature  rising  and  an 
undershooting  during  the  lowering  of  temperature. 
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Fig.  2.  X-ray  scan.'s  of  5-period  (1571  A)  and  8-period  (1.598  A)  AlAs/GaAs  DBRs  in  the  vicinity  of  (a)  {4(X))  and  (b)  (200)  reflections. 
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This  is  clearly  shown  in  fig.  1  for  both  Al  and  Ga 
cells.  The  overshooting  or  undershooting  in  tem¬ 
perature  is  inevitable  because  the  variation  is  over 
the  growth  of  such  thin  layer  as  100-300  A.  It  is 
very  difficult  for  any  temperature  controller  to 
regulate  the  cell  temperature  in  such  a  short  period 
of  time  with  a  temperature  change  of  -  150°.  The 
length  of  time  to  grow  the  graded  region  is  be¬ 
tween  0.5  to  2.0  min,  depending  on  the  thickness 
of  the  region.  However,  the  performance  of  the 
DBR  as  a  mirror  would  not  be  affected  because 
this  temperature  overshooting  or  undershooting 
has  periodically  repeated  itself  as  shown  in  fig.  1. 
As  long  as  the  temperature  variation  repeats  itself, 
the  periodic  multilayered  DBR  is  obtained  as  indi¬ 
cated  by  the  high-resolution  X-ray  diffraction  pat¬ 
terns  (fig.  2).  As  a  consequence,  the  reflectivity  as 
a  function  of  wavelength  and  the  position  of  peak 
reflectivity  for  the  DBR  mirrors  prepared  by  our 
method  fulfill  what  we  have  originally  designed 
for. 

Fig.  2  shows  the  X-ray  scans  of  a  5-period 
(sharp  interfaces)  and  a  8-period  (linearly  graded 
interfaces)  AlAs/GaAs  DBR  grown  on  GaAs 
(100).  The  strong  and  sharp  satellite  peaks  are 
generated  by  the  well-defined  periodicity  of  the 
DBRs,  irrespective  of  the  presence  of  interfacial 
grading.  The  periodicity  of  the  DBRs  is  consistent 
with  the  repetition  of  the  temperature  variation  as 
shown  in  fig.  1 .  The  period  of  the  DBR  as  calcu¬ 
lated  from  the  position  of  the  satellite  peaks  is 
1571  A  for  the  5-period  and  1398  A  for  the 
8-period  DBR.  The  calculated  periodicity  from 
X-ray  diffraction  measurement  is  consistent  with 
the  growth  rates  deduced  from  the  RHEED  oscil¬ 
lations  and  with  the  optical  reflectivity  measure¬ 
ment. 

The  (400)  satellite  intensities  are  predominantly 
affected  by  the  strain  modulation,  while  the  (200) 
satellite  intensities  are  more  sensitive  to  the  chem¬ 
ical  modulation.  Although  the  composition  and 
corresponding  strain  in  the  interfaces  of  the  8- 
period  AlAs/GaAs  DBR  are  linearly  graded,  the 
presence  of  strong,  sharp  satellite  peaks  still  dem¬ 
onstrates  a  well-defined  periodic  structure.  The 
scans  of  the  5-period  AlAs/GaAs  DBR  show  the 
presence  of  slightly  more,  higher-order  weak  satel¬ 
lite  peaks  further  away  from  the  main  peak  than  is 


the  case  for  the  8-period  DBR.  This  is  to  be 
expected  since  interfacial  composition  grading  in 
the  8-period  DBR  causes  the  intensities  of  the 
satellite  peaks  to  decrease  with  increasing  order 
number. 

Optical  reflectivity  of  the  DBRs  with  sharp 
interfaces  and  those  with  linearly  graded  interface, 
in  theoretical  calculations,  shows  a  small  dif¬ 
ference  in  the  peak  reflectivity,  while  the  one  with 
sharp  interfaces  has  a  larger  bandwidth.  An  extra 
pair  or  two  added  to  the  DBR  with  linearly  graded 
interfaces,  however,  increases  the  peak  reflectivity 
over  the  one  with  sharp  interfaces.  Our  experi¬ 
mental  measurements  on  various  types  of  DBRs 
are  in  good  agreement  with  the  theoretical  calcula¬ 
tions.  However,  we  should  caution  that  there  is  an 
uncertainty  in  the  measurement  of  peak  reflectiv¬ 
ity.  The  measurement  on  the  bandwidth,  on  the 
other  hand,  is  more  accurate. 

Recently,  several  new  designs  of  the  p-type 
semiconductor  quarter-wave  DBR  have  been  made 
to  lower  the  series  resistance  by  reducing  the 
sharpness  of  the  interfaces  in  the  mirrors:  For 
example,  in  the  case  of  GaAs/Alp  70393  As.  mod¬ 
ifications  have  been  made  by  inserting  an  inter¬ 
mediate  layer  200  A  thick  of  Alo35Gao(,5As  or 
superlattices  of  GaAs(10 A)/Alo7Gao3As(10 A) 
at  the  GaAs/Alo7Gao3As  heterointerfaces.  The 
specific  DBR  series  resistance  was  found  to  be 
reduced  by  two  orders  of  magnitude  to  about 
6x  10"^  12  cm^  for  a  doping  concentration  of 
—  lO’’  cm'^  [4].  These  modifications  have  not 
much  altered  the  optical  reflectivity,  though  at 
these  doping  levels,  free  carrier  absorption  loss 
becomes  significant. 

For  a  lower  doping  level  of  -  10'*  cm“\  the 
DBR  using  only  one  intermediate  layer  may  not 
have  low  enough  resistance.  Therefore,  for  the 
DBR  consisting  of  AlAs/GaAs.  which  has  a  higher 
potential  barrier  than  the  one  with  Alo7Gao3As/ 
GaAs,  the  low  resistance  in  the  DBR  can  be 
achieved  by  the  approaches  using  graded  interface 
or  two  intermediate  layers.  Using  our  method 
discussed  above,  we  have  reduced  the  specific 
series  resistance  in  the  quarter-wave  DBR  of  8 
pairs  of  GaAs/AlAs  to  5  X  10"*  12  cm^  for  a 
doping  concentration  of  3  X  10'*  cm“^.  With  a 
doping  level  at  8  x  10'*  cm"  \  the  specific  series 


M.  Hong  et  at.  /  Simpte  way  to  reduce  senes  resistance  in  p~doped  semiconductor  DBRs 


1075 


resistance  in  the  8-pair  DBR  (AlAs/GaAs)  was 
measured  to  be  1  X\Q^^  Q  cm^.  Note  that  the 
optical  reflectivity  of  the  DBRs  with  a  graded 
interface  should  be  higher  than  those  with  one  or 
two  intermediate  layers. 


4.  Conclusion 

We  have  shown  a  simple  method  to  reduce  the 
series  resistance  in  p-DBR  mirrors  while  maintain¬ 
ing  their  high  reflectivity.  The  energy  band  discon¬ 
tinuity  at  the  heterojunction  of  AlAs  and  GaAs 
has  been  modified  (minimized)  by  inserting  an 
intermediate  layer  with  linearly  graded  A1  and  Ga 
compositions.  Experimentally,  this  has  been  a- 
chieved  by  varying  temperatures  of  one  A1  and 
one  Ga  cells.  No  shutter  operation  was  used  dur¬ 
ing  the  MBE  growth.  From  the  presence  of  strong, 
sharp  satelbte  peaks  in  the  high-resoh  uon  X-ray 
diffraction  patterns,  a  well-def'  .<•  periodicity  of 
the  DBRs,  irrespective  of  the  imerfacial  grading, 
has  been  achieved.  The  opt  ^al  reflectivity  mea¬ 
surements  on  these  DBRs  are  consistent  with  the 
theoretical  calculations,  which  is  expected  based 
on  the  results  of  X-ray  diffraction.  Constant 
growth  rates  of  GaAs,  AlAs,  and  AlGaAs  have 
been  achieved  throughout  the  course  of  mirror 


growth,  thus  maintaining  a  constant  doping  level. 
Low  specific  series  resistance  has  been  achieved  in 
the  p-DBR  of  8  pairs  of  GaAs/ AlAs  to  be  5  x 
10"*  12  cm^  for  a  doping  level  of  3  X  10'*  cm'*. 
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Matched  Stark  effect  MQW  optical  modulators  in  the  InP/InGaAs  materials  system  have  been  grown  using  double  sided  epitaxy 
(DSE)  on  both  sides  of  a  single  InP  wafer  by  gas  source  MBE.  Coupled  multi-quantum  well  stacks  have  been  used  to  reduce  the 
operating  voltage  of  the  devices  (1.2  dB  at  -  6  V  unbiased),  and  group  111  cells  incorporating  conical  crucibles  have  greatly  improved 
the  area  uniformity  (exciton  absorption  peak  ±3  nm  over  2  inches)  making  feasible  the  fabrication  of  modulators  operating  at  the 
same  wavelength  over  an  entire  wafer. 


Parallel  optical  processing  is  becoming  increas¬ 
ingly  important  in  overcoming  electrical  wiring 
bottle-necks  in  high  capacity  data  transfer.  A- 
chieving  spatially  parallel  interconnects  using 
Stark  effect  modulator  arrays  (l.2|  places  stringent 
demands  on  the  growth  of  device  material.  The 
requirement  for  large  area  arrays,  low  voltage  op¬ 
eration,  sharp  absorption  edges,  and  novel  optical 
architectures  has  necessitated  the  growth  of 
MQW’s  in  the  InP/InGaAs  materials  system  with 
excellent  lateral  and  vertical  uniformity  and  mor¬ 
phology,  growth  on  both  sides  of  the  wafer,  and 
the  development  of  coupled  multi-quantum  well 
devices. 

The  growth  was  carried  out  by  gas  source  MBE 
using  a  VG  V80-H  chamber  with  conventional 
solid  sources  for  the  group  III  elements  and 
dopants,  and  100%  arsine  and  phosphine  gas  for 
the  group  V  sources.  The  gas  flows  were  con¬ 
trolled  by  mass  flow  controllers  and  pre-cracked 
using  a  low  pre,s.sure  tantalum  catalytic  cracking 
cell  operated  at  1000- 1050  °C,  The  growth  rates 
for  InP  and  InGaAs  were  -  1  and  2  fim  h  *', 
respectively,  at  a  growth  temperature  of  525  "C. 
Abrupt  InP/InGaAs  heterojunctions  were  a- 
chieved  using  a  group  III  source  ramping  tech¬ 
nique  to  eliminate  flux  transients  due  to  shutter 
operation  and  a  growth  interrupt  of  the  order  of 
15  s  to  allow  pumpdown  of  group  V  gases  between 
layers  [3,4], 


Improvements  in  thickness  and  compositional 
area  uniformity  in  InP/InGaAs  MQWs  have  been 
achieved  by  attention  to  geometric  factors  involv¬ 
ing  the  sources  and  the  substrate.  The  use  of 
group  III  sources  with  conical  crucibles  having 
walls  7.5°  to  the  normal  and  an  orifice  diameter 
of  29  mm,  a  source  to  substrate  distance  of  145 
mm,  and  an  angle  of  24°  between  the  sources  and 
the  normal  through  the  centre  of  the  wafer  yields 
thickness  and  compositional  uniformities  of 
±1.5%  and  ±50  parts  per  million  respectively. 
Fig.  1  shows  a  Fourier  transform  infra  red  (FTIR) 
absorption  spectrum  line  scan  from  the  middle  to 
the  edge  of  a  2  inch  wafer  in  5  mm  steps.  The 
wavelength  of  the  absorption  edge  varies  by  ±  3 
nm  over  a  2  inch  wafer  making  feasible  the  fabri¬ 
cation  of  modulators  operating  at  the  same  wave¬ 
length  over  the  entire  wafer. 

The  use  of  conical  crucibles  in  the  group  III 
cells  lead  to  flux  transients  due  to  shutter  oper¬ 
ations  which  were  too  large  and  long  lived  to 
permit  the  ramping  technique  to  be  used  effec¬ 
tively.  In  this  case  it  was  found  that  the  In  and  Ga 
fluxes  responded  in  unison  to  the  opening  of  the 
shutter  so  that  the  problem  was  the  less  serious 
one  of  change  of  growth  rate  rather  than  of  mis¬ 
match. 

Double  sided  polished  [100]  InP  (S  -  1  x  10'° 
cm“^)  wafers  were  used.  The  wafer  preparation 
consisted  of  etching  with  H2SO4,  HNO,  and  10% 
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wavelength  microns 


Fig.  1.  FTIR  absorption  line  scan  of  an  InP/InGaAs  MQW 
slack  measured  at  5  mm  intervals  from  centre  to  edge  of  a  2 
inch  wafer  grown  using  group  III  sources  incorporating  conical 
crucibles. 


HCI  before  mounting  in  an  indium-free  sample 
holder.  The  sample  holder  consisted  of  a  molyb¬ 
denum  ring  containing  a  whole  2  inch  InP  wafer 
with  a  sapphire  backing  slice  mounted  slightly  out 
of  contact  with  the  InP. 

An  important  feature  of  indium-free  mounting 
is  the  preservation  of  the  integrity  of  the  back  of 
the  wafer  during  growth.  For  the  DSE  growth, 
after  the  first  epitaxial  layers  (side  A)  were  grown 
the  wafer  was  removed  from  the  MBE  reactor, 
turned  over  and  with  no  further  cleaning  or  pre¬ 
paration  replaced  in  the  reactor.  Epitaxial  layers 
were  then  grown  under  the  same  conditions  on  the 
second  side  (side  B). 

DSE  allows  matched  or  different  devices  to  be 
grown  on  the  back  and  front  of  the  wafer.  For  the 
MQW  optical  modulator  this  provides  a  powerful 
way  of  gaining  extra  modulation  depth  at  the 
same  operating  voltage  or  extra  functionality  on 
the  chip.  By  working  in  the  InP/lnGaAs  materials 
system  where  the  substrate  is  transparent  at  the 
operating  wavelength  it  has  been  possible  to  adopt 
a  parallel  optical  bus  architecture  where  wafers 
are  “stacked”  together  and  the  light  beam  is  trans¬ 
mitted  through  the  stack  perpendicular  to  the  (100) 
faces  of  the  wafers  (5). 

The  DSE  layer  structure  is  shown  in  fig.  2.  The 
p-n  junction  was  formed  subsequent  to  the  epi- 
layer  growth  by  Zn  diffusion  through  a  60  nm 


Fig.  2.  Fabrication  details  and  layer  structure  of  the  double 
sided  MQW  modulator  device. 


window.  2x2  arrays  of  optically  coupled  devices 
125  pm  apart  with  separate  electrical  addressing 
have  been  fabricated.  For  this  structure  containing 
100  quantum  wells  on  each  side  of  the  wafer  a 
total  modulation  depth  of  3.8  dB  was  achieved  for 
a  - 10  V  excursion  from  a  - 10  V  bias  voltage. 

Fig.  3  shows  the  (FTIR)  absorption  spectra 
from  the  MQW  layers  on  both  sides  of  the  wafer 
compared  with  the  individual  contributions  from 
adjacent  points  on  each  side  (within  -  0.5  mm  of 
each  other),  measured  by  cleaving  the  wafer  and 
etching  off  the  epilayers  from  the  side  opposite  to 
the  side  being  measured.  The  wavelength,  step 
height  and  gradient  of  the  absorption  edge  are 


Fig.  3.  FTIR  absorption  spectra  from  the  entire  double  sided 
structure  and  from  the  A  and  B  sides  separately. 
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identical  within  experimental  error  for  the  layers 
on  the  A  and  B  sides  of  the  wafer. 

Double  crystal  X-ray  diffraction  patterns  also 
indicate  that  the  crystalline  quahty,  period  and 
mismatch  in  the  MQWs  are  very  similar  between 
the  A  and  B  sides  of  the  wafer  as  can  be  seen  in 
fig.  4.  The  area  uniformity  is  dominated  by  the 
system  geometry  and  it  is  found  that  the  A  and  B 
sides  closely  resemble  each  other  over  the  entire 
wafer,  exhibiting  circular  symmetry  due  to  sub¬ 
strate  rotation.  Furthermore,  modelUng  of  X-ray 
diffraction  results  has  shown  that  the  InP/In- 
GaAs  interfaces  are  extremely  narrow,  of  the  order 
2-3  monolayers  [4]. 

The  complexity  of  double  sided  processing  is 
illustrated  in  fig.  5  which  shows  the  difference  in 
transmission  with  voltage  for  the  A  and  B  side 
devices.  TTie  B  side  device  has  a  larger  modulation 
depth  for  a  given  voltage  than  the  A  side.  This  is 
probably  due  to  a  Zn  diffusion  “push-on”  effect 
shifting  the  position  of  the  A  side  pn  junction  into 
the  MQW  stack  during  the  subsequent  Zn  diffu¬ 
sion  of  the  B  side. 


Fig.  4.  Double  crystal  X-ray  diffraction  patterns  from  the  A 
and  B  sides  of  the  double  sided  structure. 


Fig.  5.  Absorption  difference  spectra  for  the  double  sided 
modulator.  Bias  voltages  relative  to  -  10  V  offset:  (a),  (b)  at 
—  5  V;  (c).  (d)  at  -  10  V;  ( - )  A  side;  ( - )  B  side. 


Optical  modulator  devices  comprising  a  con¬ 
ventional  200  period  InP/InGaAs  MQW  stack  as 
the  i  region  of  a  pin  structure  typically  operate  at 

a  voltage  of - 30  V  to  give  a  modulation  depth 

of  3  dB.  The  magnitude  of  the  applied  voltage  can 
be  a  limitation  of  this  device  in  a  practical  circuit. 
This  may  be  over  come  by  operating  a  smaller 
voltage  swing  from  a  fixed  bias  voltage,  e.g.  the 
conventional  200  period  structure  gives  ~  1 .75  dB 
modulation  depth  for  a  —6  V  applied  on  a  — 15  V 
bias.  Where  bias  voltages  are  not  desirable  cou¬ 
pled  multi-quantum  wells  can  be  used.  In  a  cou¬ 
pled  well  system  the  quantum  well  wavefunctions 
are  made  more  sensitive  to  the  applied  field  by 
inserting  a  thin  (20  A)  barrier  in  the  middle  of  the 
quantum  well.  A  modulation  depth  of  1.2  dB  for 
an  unbiased  -  6  V  applied  voltage  has  been 
achieved.  The  coupled  multi-quantum  well  struc¬ 
tures  consisted  of  200  periods  of  (60  A  InP/30  A 
InGaAs/20  A  InP/30  A  InGaAs)  in  the  MQW 
region  of  the  device.  The  morphological  defect 
count  was  -  400  cm  ”  ^  and  after  fabrication  99% 
of  devices  had  leakage  currents  less  than  10  nA  at 
— 10  V.  These  results  allowed  working  arrays  of 
10  X  10  devices  (pitch  125  pm)  to  be  made.  Speed 
measurements  carried  out  on  a  4  X  4  array  showed 
a  data  rate  of  100  Mbits-’  X  16  channels  in  a 
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parallel  interconnect  system.  In  this  case  the  data 
rale  was  limited  by  the  speed  of  the  CMOS  drive 
circuitry:  the  bandwidth  of  a  Stark  effect  MQW 
optical  modulator  in  the  GaAs/AlGaAs  system 
has  been  measured  to  be  at  least  5.5  GHz  [6]. 

The  authors  would  like  to  acknowledge  Dr. 
M.A.G.  Halliweil  for  the  X-ray  diffraction  analy¬ 
sis  and  Dr.  G.J.  Davies  for  useful  discussions. 
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We  report  the  first  observation  of  the  quantum-confined  Stark  effect  (QCSE)  in  Ino^jGao47As/InP  multiple  quantum  wells 
(MQW.n)  grown  bv  solid  source  molecular  beam  epitaxy  fSSMBE).  MQW  PIN  diodes  have  been  fabricated  with  reverse  bias  leakage 
currents  of  =  10  nA  at  -  35  V.  for  400  pm  diameter  mesas.  Room  temperature  photocurrent  measurements  on  diodes  with  nominal 
55  A  wells  show  well  resolved  excitonic  absorption  at  around  1.55  ^m  and  exhibit  shifts  of  up  to  39  meV  at  -  35  V. 


1.  Introduction 

The  quantum  confined  Stark  effect  (QCSE)  (1). 
in  semiconductor  quantum  well  structures,  is  of 
considerable  technological  interest  as  it  can  form 
the  basis  of  high  speed  modulators  and  switches 
for  use  in  optical  fibre  communication  systems. 
The  application  of  an  electric  field  perpendicular 
to  the  plane  of  the  quantum  wells  results  in  a  shift 
of  the  exciton  absorption  to  longer  wavelength. 
Light,  of  appropriate  wavelength,  incident  in  the 
plane  of  the  quantum  wells  can  then  be  modulated 
by  this  change  in  absorption.  There  has  been 
extensive  development  of  QCSE  in  the  GaAs/AI 
GaAs  system  where  high  contrast  optical  modula¬ 
tors  have  been  fabricated  [2.3].  However,  for  longer 
wavelength  applications,  other  material  systems 
are  required  which  can  operate  in  the  1.3  to  1.S5 
ftm  range  for  low  loss  in  optical  fibres. 

For  long  wavelength  operation  work  has  been 
concentrated  on  two  quantum  well  systems.  In 
GaAs  with  InP  barriers  and  InGaAs  with  AlInAs 


barriers.  Both  systems  are  lattice  matched  to  InP 
substrates.  Until  recently,  metalorganic  vapoui 
phase  epitaxy  (MOVPE)  has  been  preferred  for 
the  growth  InGaAs  ^InP  multiquantum  wells 
(MQWs)  [4],  and  molecular  beam  epitaxy  with 
solid  sources  (SSMBE)  for  the  InGaAs/AllnAs 
MQWs  [5].  This  situation  has  arisen  because  of 
the  difficulty  of  handling  phosphorus  in  MBE 
systems  and  the  problem  of  growing  high  quality 
aluminium  containing  materials  by  MOVPE.  More 
recently,  gas  source  molecular  beam  epitaxy 
(GSMBE)  (6)  and  chemical  beam  epitaxy  (CBE) 
(7)  have  emerged  as  hybrid  techniques  which  have 
demonstrated  the  ability  to  achieve  high  quality 
interfaces  in  the  InGaAs/InP  material  system. 

In  this  paper  we  show  that,  despite  the  diffi¬ 
culty  of  controlling  elemental  phosphorus,  the 
growth  of  high  quality  low  leakage  Ino53Gao47 
As/InP  MQW  PIN  diodes  is  possible  by  SSMBE. 
The  simplicity  and  inherent  safety  of  this  tech¬ 
nique  may  lead  to  continued  interest  in  the  use  of 
elemental  sources. 
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2.  Experimental 

Growth  of  the  InGaAs/InP  MQW  PINs  was 
performed  in  a  specially  modified  VG  V80H  MBE 
system,  incorporating  dimer  arsenic  and  phos¬ 
phorus  sources,  a  turbomolecular  pumped  phos¬ 
phorus  handling  system,  and  liquid  nitrogen  cooled 
shutters  to  improve  the  shuttering  of  the  group  V 
sources.  Full  details  of  this  system  appear 
elsewhere  [8]. 

The  (100)  InP  substrates  were  indium  soldered 
to  a  3  inch  silicon  wafer,  which  was  held  in  an 
indium  free  molybdenum  ring  holder.  The  InGaAs 
and  InP  layers  were  grown  at  a  temperature  of 
=  500  °C,  with  a  growth  rate  of  1  fim/h  for  the 
InP  and  1.9  fim/h  for  the  lattice  matched  In¬ 
GaAs.  Growth  took,  place  under  As  or  P  dimers 
generated  by  K-cells  incorporating  900  °C  gra¬ 
phite  baffle  furnaces.  The  use  of  cracker  cells  is 
essential  for  rapid  switching  of  the  As  and  P 
fluxes  using  liquid  nitrogen  cooled  shutters,  and 
for  the  safe  handling  of  phosphorus. 

Two  device  structures  were  produced  for  this 
work.  The  first,  shown  in  fig.  la.  was  grown  on  a 
semi-insulating  substrate,  and  the  second,  shown 
in  fig.  lb.  on  an  n^  substrate.  Be  doping  was  used 
for  the  p  *  =  lO**  cm  '  and  p  =  10’’  cm  “ '  and  Si 
for  the  lO’^cm*  ’  and  =  10” cm  ’  layers. 
As  there  is  evidence  of  Be  diffusion  from  the 
p-type  region  into  the  MQW.  undoped  InP  spacers 
were  used  between  the  MQW  and  the  p-type 
contact  layers.  Structures  with  no  spacers,  or 


spacers  of  the  less  than  1000  A,  gave  inferior 
diode  characteristics  with  leakage  currents  in¬ 
creased  by  up  to  four  orders  of  magnitude.  The 
MQW  and  spacer  layers  were  all  nominally  un¬ 
doped.  Circular  400  pm  diameter  mesa  diodes 
were  fabricated  using  standard  lithography  and 
wet  chemical  etching.  The  n-type  ohmic  contacts 
were  InGe/Au  and  the  p-type  Au/Zn/Au. 

3.  Results  and  discussion 

Transmission  electron  microscopy  measure¬ 
ments  show  highly  uniform  multilayers,  and  con¬ 
firm  the  nominal  well  and  barrier  thicknesses.  The 
“i”  region  thickness  for  diode  (a)  was  1.5  pm  and 
for  diode  (b)  was  1.11  pm.  Capacitance-voltage 
measurements  show  the  background  doping  level 
in  the  undoped  “i”  regions  to  be  n  =  5  X  10'^ 
cm 

Current-voltage  characteristics  of  the  diodes 
were  measured  at  room  temperature.  Structure  (a) 
has  a  reverse  bias  breakdown  of  =  70  V  (electric 
field  E  —  4.5  X  lO’  V  cm  ' ')  and  leakage  current 
of  10  nA  at  35  V;  structure  (b).  with  thinner 
barriers  and  thinner  total  “i”  region,  has  a  reverse 
bias  breakdown  voltage  of  =  55  V  ( £  =  4.9  X  10^ 
V  cm*')  and  leakage  current  of  10  nA  at  28  V. 
The  shape  of  the  l-V  curves  is  similar  for  both 
diodes,  and  is  shown  for  structure  (b)  in  fig.  2. 
From  the  shape  of  the  curve  it  is  possible  to 
identify  three  regions;  up  to  20  V  the  conduction 
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Fig.  I,  400  pm  diameter  ln„5iGa„47As/lnP  MQW  PIN  diodes:  (a)  on  semi-insulating  substrate;  (b)  on  n*  substrate. 
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Fig.  2.  Curreni-voltage  characteristic  for  diode  (b),  the  “i" 
region  is  1.11  /im  thick  and  the  mesa  diameter  is  400  ^m. 


Fig.  3.  Photocurrent  response  spectra  of  diode  (b).  with  55  A 
thick  weDs  of  Ino5,Ga047As. 


is  dominated  by  generation/ recombination  and 
diffusion  currents;  from  20  to  55  V  evidence  of 
tunneling  is  observed;  and  above  55  V  avalanche 
breakdown  occurs. 

Photocurrent  measurements  were  performed  at 
room  temperature  by  illuminating  the  diodes  using 
a  monochromated  white  light  source.  The  diodes 
were  reverse  biased  and  lock-in  techniques  were 
used  to  measure  the  photocurrent  as  a  function  of 
wavelength;  this  was  repeated  for  a  range  of  bias 
voltages.  In  the  presence  of  an  electric  field  the 
exciton  absorption  shifts  to  longer  wavelength  and 
broadens.  In  the  case  of  device  (a)  the  absorption 
edge  shifts  from  1.4990  /im  at  -5  V  to  1.5255  jim 
at  -35  V,  an  energy  shift  of  14.4  meV  at  an 
electric  field  of  2.25  x  10’  V  cm  ‘.  For  device  (b) 
there  is  a  larger  shift  from  1.550  fim  at  -5  V  to 
1.629  >im  at  -  35  V.  a  shift  of  38.8  meV  at  a  field 
of  3.15  X  10’  V  cm“'.  The  photocurrent  spectra 
and  the  QCSE  shift  with  bias  for  device  (b)  are 
shown  in  figs.  3  and  4.  The  shifts  observed  in  this 
work  are  in  good  agreement  with  those  calculated 
by  Temkin  et  al.  [9]  for  I.O  fjm  thick  superlattice 
structures,  and  for  device  (b)  is,  as  far  as  we  are 
aware,  the  largest  shift  reported  in  Ino53Gao47As/ 
InP  for  55  A  QWs  grown  by  any  technique. 

The  photocurrent  increases  with  increasing  re¬ 
verse  bias  until  it  saturates  at  a  voltage  of  =  — 10 


V.  This  indicates  that  at  low  fields  not  all  the 
photoexcited  carriers  are  extracted.  Shorthose  et 
al.  (10)  attribute  this  increase  to  enhanced  tunnel¬ 
ing  as  the  field  is  increased.  At  zero  bias  the 
photocurrent  is  small  and  the  exciton  peaks  are 
considerably  broadened  by  the  space  charge  pre¬ 
sent.  For  clarity  we  do  not  include  the  zero  bias 
spectrum,  but  note  no  observable  shift  in  the 
exciton  absorption  between  zero  and  —  5  V  bias. 
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Fig.  4.  Quantum  confined  Stark  shift  for  diode  (b).  Experimen¬ 
tally  determined  points  are  shown,  the  continuous  line  is 
drawn  to  guide  the  eye. 
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4.  Conclusion 

High  quality,  low  leakage,  Ino53Ga(,47As/InP 
multiquantum  well  PIN  diodes  have  been  grown 
by  solid  source  molecular  beam  epitaxy.  Room 
temperature  photocurrent  measurements  have 
shown  exciton  absorption  edge  shifts  of  38  meV 
for  structures  with  55  A  quantum  wells,  which  we 
believe  is  the  highest  value  reported. 
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Critical  issues  in  the  MBE  growth  of  Gao47ln(,53As 
for  waveguide/PIN/JFET  integration 

H.  Kiinzel,  R.  Kaiser,  W.  Passenberg,  D.  Trotnmer  and  G.  Unterborsch 

Heinrich-Hern-Inslilul  fur  Nachriehtemechnik  Berlin  GmbH.  Einsieinufer  37,  W-tOOO  Berlin  10,  Germany 


The  critical  issues  for  the  optimization  of  the  MBE  grown  layer  sequence  for  the  integration  of  an  optical  waveguide,  a  PIN 
photodiode  and  a  Junction  field  effect  transistor  (JFET)  to  form  a  monolithical  integrated  receiver  chip  are  discussed.  For  the  JFET 
layer  sequence  low  residual  carrier  density  of  the  thick  buffer  layer  has  been  successfully  achieved.  The  growth  of  a  p^/p**  gate 
contact  layer  with  minimized  acceptor  diffusion  behaviour  is  described.  For  the  hybridly  grown  MOVPE(LPE)  GalnAsP/MBE 
GalnAs  PIN/waveguide  structure  optimum  crystallinity  is  achieved:  however,  donor  accumulation  at  the  interface  is  detected.  MBE 
grown  AIGalnAs  as  an  alternative  for  the  waveguide  layer  has  been  investigated.  Due  to  its  high  resistivity  at  growth  temperatures 
below  500  device  isolation  can  be  achieved. 


I.  Introduction 

For  long  wavelength  optical  communication 
InP-based  optoelectronics  is  the  basic  prerequisite. 
Monolithic  integration  of  optoelectronic  devices 
(OEIC)  offers  the  potential  of  improvement  in 
performance  and  functionality  as  well  as  reduc¬ 
tion  of  size  and  costs  compared  to  hybrid  circuits. 
An  integrated  receiver  module  comprising  a  wave¬ 
guide.  detector  and  transistors  on  the  same  sub¬ 
strate  forms  a  basic  building  block  for  a  variety  of 
complex  OEICs. 

In  this  contribution,  we  report  on  the  critical 
issues  in  the  MBE  growth  of  Ga„47ln„5,As  (re¬ 
ferred  to  as  GalnAs)  for  the  integration  of  a  rib 
waveguide  (WG),  a  PIN  photodiode  and  a  junc¬ 
tion  field  effect  transistor  (JFET).  On  the  basis  of 
the  integration  scheme  presented  MBE  growth 
conditions  are  adjusted  for  an  integrable  JFET 
and  a  PIN/WG  module. 


2.  WC/PIN/JFET  integration  concept 

In  fig.  1  the  underlying  scheme  for  WG/PIN/ 
JFET  integration  is  schematically  depicted.  The 
layer  structure  is  grown  on  a  semi-insulating 


InP :  Fe  substrate  for  integration  purposes.  The 
sequence  consists  of  an  undoped  1  jim  thick 
GalnAsP  layer  with  a  composition  corresponding 
to  a  band  gap  of  1.18  eV  followed  by  an  undoped 
1  pm  thick  GalnAs  layer.  The  sequence  proceeds 
with  a  0.2  pm  n-GalnAs :  Si  and  a  0.3  pm  p*- 
GalnAs ;  Be  layer.  Doping  concentrations  are  n  = 
1  X  lO'^cm'  ’  and  p*  as  high  as  possible,  respec¬ 
tively.  The  GalnAsP  layer  serves  as  the  WG  layer 
and.  together  with  the  undoped  GalnAs  layer 
which  simultaneously  forms  the  i-region  of  the 
PIN  diode,  forms  the  buffer  layer  of  the  JFET. 
Due  to  the  PIN  diode  being  placed  on  top  of  the 
WG  layer  light  detection  is  based  on  leaky  cou¬ 
pling  (IJ.  Theoretical  calculations  as  well  as  ex- 


Fig,  1.  Basic  concqpl  for  WG/PIN/JFET  integration  on 
lnP:Fe. 
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perimental  data  suggest  a  minimum  thickness  of 
approximately  1  pm  for  the  i-layer  in  order  to 
obtain  optimum  internal  quantum  efficiency  [2]. 
The  n-GalnAs  layer  acts  as  the  JFET  channel 
layer  and  is  also  used  to  form  the  PIN  diode 
n-contact.  A  channel  thickness  of  0.2  pm  in  com¬ 
bination  with  a  doping  level  of  1  X  lO'^cm”’  are 
chosen  such  that  depletion  mode  transistors  with 
high  transconductance  are  obtainable.  The  p^- 
GalnAs  layer  serves  as  the  JFET  gate  layer  and  is 
utilized  to  facilitate  fabrication  of  a  low  resistivity 
ohmic  gate  contact. 

On  the  basis  of  the  integration  scheme  pre¬ 
sented  in  fig.  1  it  is  clearly  seen  that  the  optimiza¬ 
tion  of  the  layer  sequence  can  be  separated  into 
two  parts,  as  indicated  by  the  broken  line.  Accord¬ 
ingly,  the  critical  items  in  the  MBE  growth  can  be 
divided  into  two  groups  related  to  the  fabrication 
of  the  JFET  and  the  PIN/WG.  With  respwct  to 
the  MBE  growth  of  the  JFET  layer  sequence,  the 
residual  carrier  concentration  of  the  thick  buffer 
layer  and  the  extremely  highly  doped  gate  layer 
represent  the  critical  issues.  For  the  PlN/WG 
component  MBE  grown  GalnAs  for  the  PIN  layer 
sequence  is  grown  onto  a  MOVPE  (LPE)  GalnAsP 
WG  layer.  For  this  hybrid  epitaxial  growth  pro¬ 
cess  the  interface  quality  of  this  layer  sequence 
plays  the  important  role. 


3.  Integrable  JFET 

The  JFET  buffer  layer  formed  by  GalnAsP/ 
GalnAs,  as  described  above,  has  a  total  thickness 
of  2  pm.  To  facilitate  abrupt  pinch-off  of  the 
JFET  device  the  residual  carrier  concentrations  in 
these  layers  must  be  minimized.  Since  high  resis¬ 
tivity  and  even  semi-insulating  GalnAsP  material 
can  be  used  for  the  WG,  only  the  GalnAs  residual 
carrier  concentration  needs  to  be  reduced  to  a 
minimum.  Using  an  adequate  substrate  material,  a 
proper  cleaning  procedure,  high  quality  source 
materials  and  a  proper  bakeout  of  the  In  source  a 
residual  carrier  concentration  below  2.5  x  10'’ 
cm~’  is  reached  routinely.  Best  values  achieved 
are  Nj,  —  =  7.4  X  10'^  and  4.1  X  10'^ cm"’  and 

electron  mobilities  p  =  12580  and  53000  cm^/V  •  s 
at  300  and  77  K,  respectively. 


To  further  reduce  the  free  carrier  concentra¬ 
tion,  reduction  of  the  growth  temperature  is  a 
possibility  for  the  MBE  growth  of  GaAs  [3,4],  In 
fig.  2  the  results  for  the  growth  temperature  de¬ 
pendence  of  the  300  K  electrical  characteristics  of 
MBE  GalnAs  are  depicted.  In  contrast  to  GaAs, 
no  reduction  of  the  electron  concentration  at  low 
growth  temperatures  down  to  300  °C  is  observed. 
On  the  contrary,  an  increase  of  the  residual  elec¬ 
tron  concentration  by  an  order  of  magnitude  at 
growth  temperatures  below  400  °  C  is  noticed.  This 
effect  is  connected  with  a  slight  reduction  of  the 
mobility.  Above  400  ®C,  up  to  the  onset  of  In 
desorption  at  600  °C,  no  influence  of  the  growth 
temperature  on  the  electrical  characteristics  is 
found  since  the  scatter  of  the  data  between  6  X  10'"* 
and  2.5  x  10”  cm"’  corresponds  to  the  variation 
from  layer  to  layer  even  at  a  fixed  growth  temper¬ 
ature.  On  the  other  hand,  at  77  K  a  dramatic 
reduction  of  the  free  electron  concentration  is 
obtained  for  samples  grown  below  500°  C.  Below 
400  °C  high  resistivity  material  is  attained.  Hence, 
the  reduction  of  the  growth  temperature  to  below 
500  °C  results  in  an  increase  of  the  amount  of  the 
free  carrier  freeze-out.  Further  details  of  the  in¬ 
fluence  of  growth  temperature  on  impurity  incor¬ 
poration  in  MBE  GalnAs  will  be  pubUshed 
elsewhere  [5). 

Using  a  standard  growth  temperature  of  500  °  C, 
n/n  "-GalnAs  active/ buffer  junctions  are  pre- 


growth  temperatue  /°C  — - 

Fig.  2.  Growth  temperature  dependence  of  300  K  electrical 
characteristics  of  undoped  MBE  GalnAs. 


1086 


H.  Kunzel  et  al.  /  MBE  growth  of  Ga^fjlnasj^z  for  waveguide  /  PIS  /  J  FET  integration 


pared.  Single  n-GalnAs  JFET  channel  layers  are 
characterized  by  a  mobility  of  9000  and  10250 
cm^/V  •  s  for  a  free  electron  concentration  of  15  x 
10'*  and  9.5  X  10'*  cm~^  at  300  and  77  K,  respec¬ 
tively.  C-  y  measurements  of  the  impurity  distri¬ 
bution  indicate  perfectly  flat  profiles.  At  the  n/n  “ 
junction  an  abrupt  change  of  the  impurity  con¬ 
centration  by  nearly  two  orders  of  magnitude  is 
measured.  From  the  decay  of  the  impurity  con¬ 
centration  at  the  n/n~  interface  the  smearing  of 
the  impurity  profile  is  found  to  be  less  than  0.05 
/im  including  Debye  length  effects.  A  residual 
impurity  concentration  below  2x10'*  cm"*  is 
also  confirmed  by  the  C-K  technique. 

The  achievement  of  non-alloyed  very  low  resis¬ 
tance  ohmic  contacts  to  the  gate  layer  requires 
very  high  hole  concentrations  near  the  surface.  Be 
doping  during  MBE  growth  is  suitable  to  reach 
high  acceptor  concentrations.  Nevertheless,  at 
doping  levels  in  excess  of  5  X  10'^  cm"*  surface 
roughening  and  a  deviation  of  the  free  hole  con¬ 
centration  from  the  concentration  of  incorporated 
Be  atoms  is  found  to  occur  [6]. 

These  detrimental  effects  can  be  directly  corre¬ 
lated  with  acceptor  diffusion  during  growth  [7],  A 
marked  increase  of  the  diffusion  coefficient  at 
acceptor  concentrations  in  excess  of  5  x  10”  cm "  * 
is  inferred  from  SIMS  profile  measurements  [8]. 
Since  a  doping  concentration  of  at  least  5  X  10''' 
cm"*  is  necessary  to  achieve  very  low  contact 
resistivity,  this  doping  level  is  applied  near  the 
surface,  whereas  a  reduced  Be  concentration  of 
5  X  10'*  cm"*,  resulting  in  a  reduction  of  the  Be 
diffusion  coefficient  by  two  orders  of  magnitude, 
is  utilized  to  form  the  p*^/n  gate/channel  junc¬ 
tion.  The  resulting  Be  profile  in  the  gate  layer 
grown  at  500 °C  as  measured  by  SIMS  is  depicted 
in  fig.  3a.  A  comparison  of  the  intended  profile 
given  by  the  broken  line  and  the  measured  Be 
distribution  clearly  demonstrates,  however,  drastic 
diffusion  effects  manifesting  themselves  in  a  re¬ 
duction  of  the  surface  concentration,  a  Gaussian 
type  diffusion  profile  at  the  p**/p*^  junction,  and 
a  diffusion  tail  extending  far  into  the  layer.  Since 
this  tail  with  an  acceptor  concentration  of  lO'* 
cm  *  overcompensates  the  adjacent  n-doped 
channel  layer  this  gate  doping  configuration  is  not 
suitable  for  the  JFET  device  structure. 


depth  /  pm  — «- 

Fig.  3.  SIMS  Be  concentration  profile  of  a  JFET  p^Vp*- 
GalnAs  gate  contact  layer.  The  broken  line  gives  the  Be 
distribution  projected  from  the  beam  flux  density.  The  growth 
temperature  is  (a)  500  and  (b)  350  ®C. 


The  growth  temperature  has  a  great  influence 
on  the  diffusion  of  Be  during  growth.  Reducing 
this  growth  parameter  from  500  to  350  °C  results 
in  a  reduction  of  the  acceptor  diffusion  by  more 
than  an  order  of  magnitude  [8]  without  affecting 
the  free  hole  concentration  [7]  and  the  achievable 
contact  resistance  [8].  The  resulting  dopant  distri¬ 
bution  for  a  gate  layer  grown  at  a  reduced  temper¬ 
ature  of  350  °C  is  shown  in  fig.  3b.  A  sharp 
rectangular  profile,  which  is  in  excellent  agree¬ 
ment  with  the  profile  predicted  by  the  flux  density 
profile  (broken  line)  and  the  low  Be  concentration 
outside  the  p-doped  region  demonstrate  the  suc¬ 
cessful  realization  of  an  optimized  gate  configura¬ 
tion. 

1  |»m  gate-length  JFET  devices  have  been 
fabricated  on  the  basis  of  the  optimized  MBE 
growth  described  above.  The  gate/  source  diode  is 
characterized  by  an  ideality  factor  of  1.12  and  a 
leakage  current  of  100  nA  at  —  2  V  reverse  volt¬ 
age.  The  output  behaviour  exhibits  a  pinch-off 
voltage  of  —4.5  V  and  a  transconductance  of  140 
mS/mm.  The  electron  mobility  in  the  channel  as 
deduced  from  the  linear  regime  of  the  channel 
conductance  is  extracted  to  be  4500  cmVv  •  s, 
representing  a  reduction  by  a  factor  of  two  com¬ 
pared  to  bulk  material  with  the  same  doping  level. 
Excellent  high-frequency  properties  of  the  devices 
arc  indicated  by  very  high  cut-off  frequencies  for 
this  type  of  FET  of  =  28  GHz  and  /„„  =  38 
GHz.  Further  details  of  the  device  properties  are 
given  in  ref.  [9]. 
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4.  Integrated  PIN/WG  component 

Since  solid  source  MBE  used  in  this  work  can¬ 
not  be  used  for  the  growth  of  the  InGaAsP  WG 
layer,  either  LPE  or  MOVPE  material  has  been 
utilized.  Consequently,  application  of  a  hybrid 
growth  technique  is  necessary  if  the  well  estab¬ 
lished  MBE  grown  GalnAs  JFET/PIN  structure 
has  to  be  incorporated.  By  using  an  appropriate 
cleaning  technique  to  reduce  surface  contamina¬ 
tion  before  introduction  of  the  GalnAsP/InP 
wafers  into  the  MBE  growth  chamber,  smooth 
surface  MBE  GalnAs  can  be  grown.  As  judged 
from  C-y  profiling  measurements  to  assess  the 
GalnAsP/GalnAs  interface,  cleaning  with  diluted 
HF  was  found  to  be  most  appropriate.  X-ray 
diffraction  measurements  demonstrate  a  high 
crystalline  quality  of  the  MBE  layer,  showing  a 
FWHM  value  of  the  rocking  curve  of  below  20  arc 
sec,  which  is  a  typical  figure  of  our  MBE  layers  on 
InP  substrates.  This  finding  is  true  for  both  LPE 
and  MOVPE  grown  GalnAsP  layers. 

Accumulation  of  impurities  is  expected  to  oc¬ 
cur  at  the  LPE(MOVPE)/MBE  interface.  To  sep¬ 
arate  accumulation  effects  from  heterostructure 
effects  during  C-  y  profiling,  MBE  n-GalnAs  was 
grown  onto  LPE  n  "-GalnAs  for  comparison.  The 
corresponding  net  dopant  profile  is  represented  in 
fig.  4.  The  measured  profile  clearly  shows  a  mid- 


Fig.  4.  C-y  donor  concentration  profile  of  a  MBE  n- 
GalnAa/I'PE  n  "-GalnAs  sequence.  The  shaded  area  marks 
donor  accumulation  at  the  growth  interrupted  interface. 


10’*  cm“^  doping  concentration  of  the  MBE  layer 
and  the  decrease  of  the  concentration  to  below 
5  X  10'*  cm"*  in  the  undoped  LPE  layer.  At  the 
interface  a  donor-type  accumulation  is  clearly  de¬ 
tected  which  corresponds  roughly  to  an  areal  den¬ 
sity  of  1  X  10'^  cm"*.  This  density  appears  to  be 
extremely  high  compared  to  interface  state  densi¬ 
ties  reached  in  MBE  grown  GalnAs/AlGalnAs 
heterostructures. 

The  high  accumulation  density  and  the  rela¬ 
tively  large  thickness  of  the  WG  layer  which  un¬ 
favourably  adds  to  the  i-GalnAs  layer  (both  for¬ 
ming  the  buffer  of  the  JFET)  leads  to  problems 
with  respect  to  a  sharp  pinch-off  behaviour  of  the 
transistor.  An  alternative  approach  to  circumvent 
these  problems  is  the  use  of  high  resistivity  WG 
material.  As  an  additional  advantage,  only  the 
GalnAs  layer  needs  to  be  mesa-etched  to  electri¬ 
cally  isolate  the  different  devices.  Either  iron 
doped  semi-insulating  MOVPE  GalnAsP  or  high 
resistivity  MBE  AlGalnAs  may  be  applicable. 

AlGalnAs  (E^  =  1.18  eV)  as  the  WG  material 
offers  the  advantage  of  requiring  only  the  MBE 
technique  which  leads  to  a  low  interface  state 
density  of  as  low  as  1  x  10'°  cm"*,  as  calculated 
from  C-y  measurements.  In  addition,  the  A1 
GalnAs  material  is  of  high  perfection,  which 
manifests  itself  in  optimum  surface  morphology 
and  X-ray  diffraction  peak  half-widths  of  again  20 
arc  sec.  The  electrical  behaviour  can  be  varied 
within  wide  limits.  For  growth  temperatures  in 
excess  of  550  °C  conductive  material  with  /7  =  (1- 
2)  X  10'*  cm"*  and  mobilities  in  the  range  of 
1500-2000  cm*/V  •  s  are  obtained.  Reducing  the 
growth  temperature  to  500  °C  results  in  an  in¬ 
crease  of  the  resistivity  to  beyond  10*  12  cm.  A 
further  reduction  of  the  growth  temperature  is 
expected  to  yield  semi-insulating  material  whilst 
retaining  good  crystalline  and  WG  properties 
which  make  this  material  suitable  for  the  WG/PIN 
integration  as  well  as  for  the  JFET  buffer. 

So  far,  integrated  PIN/WG  components  based 
on  hybrid  growth  on  undoped  LPE  GalnAsP  and 
semi-insulating  MOVPE  GalnAsP :  Fe  have  been 
fabricated.  Devices  with  an  area  of  /4  =  2.3  X  10"* 
cm*  are  characterized  by  a  dark  current  of  2  nA 
(y,=  - 10  V),  a  breakdown  voltage  of  25  V  (/,  = 
10  fiA)  and  an  ideality  factor  of  1.25.  The  external 
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quantum  efficiency  is  16%  (A  =  1.55  nm/V^O  V) 
and  the  internal  quantum  efficiency  is  estimated 
to  be  90%  ±  10%.  The  3  dB  cut-off  frequency  is 
determined  to  be  in  excess  of  2.0  GHz,  which 
represents  the  upper  limit  of  our  measurement 
system  used. 

5.  Conclusions 

JFET  devices  on  thick  GalnAsP/GalnAs 
buffer  layers  and  an  integrated  PIN/WG  compo¬ 
nent  forming  substructures  for  the  integration  of  a 
receiver  module  have  been  successfully  fabricated. 
JFET  devices  with  superior  characteristics  are 
demonstrated  on  the  basis  of  optimized  buffer  and 
gate  contact  layer  growth.  Integration  of  a  WG 
and  PIN  photodiode  using  LPE  or  MOVPE  grown 
GalnAsP  layers  in  conjunction  with  hybrid  MBE 
GalnAs  growth  is  achieved  with  promising  device 
performance.  Quaternary  AlGalnAs  MBE  grown 
material  has  been  demonstrated  to  be  an  alterna¬ 
tive  to  form  the  WG  layer  to  circumvent  problems 
related  to  donor  interface  accumulation  occurring 
in  the  hybrid  epitaxial  approach  currently  used  to 
combine  GalnAsP  WGs  with  MBE  grown  PIN/ 
JFET  structures. 
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The  electrical  and  optical  properties  of  a  double  barrier  resonant  tunnelling  device  based  on  n-GaAs/(  AIGa)As  and  incorporating 
a  heavily  doped  (AIGa)As  window  layer  are  described.  The  window  layer  is  located  between  the  quantum  well  and  the  top  surface 
and  has  a  band  gap  which  exceeds  the  energy  of  the  quantum  well  photoluminescence.  The  incorporation  of  this  layer  does  not 
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Magnelic  field  measurements  [1--3]  and  photo¬ 
luminescence  spectroscopy  (PL)  [4,5]  are  powerful 
techniques  for  investigating  charge  build-up  and 
electron  energy  relaxation  processes  in  double  bar¬ 
rier  resonant  tunnelling  structures  (DBRTSs). 
Most  studies  reported  to  date  have  used  structures 
in  which  the  doped  semiconductor  contact  layers 
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on  either  side  of  the  barriers  are  of  the  same 
material  as  the  quantum  well,  for  example  doped 
GaAs  contact  layers  in  GaAs/(AlGa)As  DBRTS. 
This  layer  is  usually  fairly  thick,  typically  >  0.5 
jam,  to  prevent  degradation  of  the  barrier  and 
quantum  well  (QW)  regions  when  Au/Ge  alloyed 
contacts  are  made  to  the  top  surface.  This  type  of 
structure  has  a  disadvantage  for  PL  measure¬ 
ments,  since  the  quantum  confinement  energy  of 
the  electrons  and  holes  gives  rise  to  a  PL  emission 
energy  from  the  QW  which  exceeds  the  band  gap 
energy  of  the  contact  layer.  The  excitation  light 
and  the  PL  therefore  suffer  strong  attenuation  as 
they  traverse  the  contact  layer. 

In  this  paper  we  investigate  a  DBRTS  which 
has  been  specially  designed  for  spectroscopic  in¬ 
vestigation,  in  which  a  thick  heavily  doped 
(AlGa)As  layer  is  incorporated  in  the  top  contact 
layer.  The  (AlGa)As  layer,  which  we  term  a 
“window”  layer,  greatly  reduces  the  attenuation 
since,  by  choosing  the  correct  A1  concentration,  it 
is  possible  to  produce  a  band  gap  greater  than  the 
recombination  energy  of  the  QW. 

The  structure  was  grown  by  molecular  beam 
epitaxy  and  is  shown  schematically  in  fig.  1.  Note 
the  undoped  spacer  layers  of  GaAs  immediately 
adjacent  to  the  tunnel  barrier  [3].  The  layers  were 
processed  into  100  jam  diameter  mesas  with  an¬ 
nular  top  contacts  to  allow  optical  access.  The 
(AlGa)As  window  layer  has  a  band  gap  energy  of 
1.9  eV,  which  is  considerably  larger  than  the  QW 
recombination  energy  of  1.562  eV.  No  difficulties 
with  electron  capture  at  DX  are  encountered  since 
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Fig.  1.  (a)  The  layer  structure  of  the  device,  (b)  A  schematic 
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Bias  (V) 

Fig.  2.  (a)  The  dark  /(F)  characteristic  of  the  device,  measured 
at  4.2  K.  (b)  The  variation  of  PL  integrated  intensity  with  bias 
for  an  excitation  energy  of  1.535  eV. 

any  electron  that  might  be  captured  at  the  DX 
level  is  ionised  when  the  sample  is  illuminated  due 
to  the  persistent  photoconductivity  effect. 

Fig.  2a  shows  the  dark  l(V)  characteristic  of 
the  device.  Forward  bias  ( k'  >  0)  corresponds  to 
electrons  tunnelling  from  the  substrate  to  the  top 
contact.  There  are  three  clear  peaks  in  the  current 
in  each  bias  direction.  These  occur  at  0.10  V 
( -  0.1 1  V).  0.9  V  ( -  1.0  V)  and  1.5  V  ( -  1.8  V)  for 
forward  (reverse)  bias,  and  correspond  to  elec¬ 
trons  tunnelling  from  the  two-dimensional  elec¬ 
tron  gas  (2DEG),  which  forms  in  the  emitter  accu¬ 
mulation  layer,  into  the  first  (t^),  second  (eV) 
and  third  (t^ )  quasi-bound  states  of  the  QW.  The 
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of  the  conduclion  and  valence  band  edge  profiles  for  a  DBRTS. 
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existence  of  three  bound  QW  states'  for  a  well 
width  of  7.5  nm  is  consistent  with  effective  mass 
theory.  Note  the  high  degree  of  symmetry  in  the 
I{V)  characteristic  with  respect  to  bias  direction. 
This  shows  that  the  inclusion  of  the  window  layer 
does  not  adversely  affect  the  electrical  properties 
of  the  device.  This  is  further  emphasized  by  the 
excellent  peak  to  valley  ratios  at  the  first  and 
second  resonances  which,  at  4.2  K.,  are  40 ;  1  and 
20  : 1  respectively  for  both  bias  directions. 

The  first  (low  voltage)  resonance  is  sharply 
peaked.  This  is  characteristic  of  the  situation  when 
only  a  very  small  electronic  space  charge  builds  up 
in  the  QW  during  resonant  tunnelling.  In  contrast, 
the  second  resonance,  which  corresponds  to  a 
much  larger  current  flow,  is  spread  over  a  wide 
range  of  voltage  (in  forward  bias,  from  a  threshold 
at  around  0.4  V  to  a  peak  at  0.9  V).  This  is 
accompanied  by  pronounced  intrinsic  bistability 
in  I{V).  Over  this  voltage  range,  electrons  reso¬ 
nantly  tunnel  from  the  2DEG  in  the  emitter  into 
the  state  of  the  QW.  The  electrons  can  then 
undergo  inter-subband  scattering  into  the  state 
by  the  emission  of  a  longitudinal  optic  (LO)  pho¬ 
non  (2).  The  charge  stored  in  the  QW  over  the 
voltage  range  of  the  second  resonance  resides  al¬ 
most  entirely  in  this  lower  energy  state.  This  is 
confirmed  by  the  photoluminescence  experiments 
described  below. 

Let  us  consider  the  main  features  of  figs.  3a 
and  3b.  The  dependence  on  magnetic  field  of  the 
various  features  in  figs.  3a  and  3b  are  shown  by 
the  fan  diagram  plotted  in  fig.  4.  We  will  con¬ 
centrate  on  the  forward  bias  case,  since  similar 
remarks  apply  for  reverse  bias.  In  the  presence  of 
a  perpendicular  magnetic  field  ( fl  ||  d ),  the  2DEG 
systems  in  the  emitter  accumulation  layer  and  the 
QWs  become  quantised  into  Landau  levels  whose 
energies  are  given  by: 

5)  =  £’(0)  +  nhw,,  £^(  fl)  =  C(0)  +  n'hio,, 

where  =  eB/m  *  is  the  cyclotron  frequency,  n 
and  n'  are  integers  and  i?  =  1,  2  or  3.  Feature  RP, 
(fig.  4)  corresponds  to  resonant  tunnelling  of  elec¬ 
trons  from  the  accumulation  layer  into  the  lowest 
state  of  the  QW  with  conservation  of  Landau 
level  index  (dp  =  n' -  n  =  0).  At  slightly  higher 
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Bias  ( V )  b 

Fig.  3.  (a)  HV)  curves  for  the  first  electron  resonance  mea¬ 
sured  with  various  magnetic  fields,  the  field  been  applied 
parallel  to  the  current  (5117).  (b)  /{V)  curves  for  the  second 
electron  resonance  measured  with  various  magnetic  fields 
(5117). 


voltage,  a  weak  feature,  E,.  corresponds  to  tun¬ 
nelling  accompanied  by  elastic  scattering  with  A  p 
=  1.  The  other  features  at  higher  voltages  corre¬ 
spond  to  tunnelling  of  electrons  with  the  emission 
of  an  LO  phonon.  This  can  occur  either  with 
( dp  =  1,  2,  3,  . . . )  or  without  (dp  =  0)  change  of 
Landau  level  index.  Fig.  4  shows  a  number  of  LO 
phonon-related  peaks  at  voltages  beyond  the  first 
and  second  resonant  peaks  in  the  I(V).  By  using 
the  cyclotron  energy,  to  calibrate  the  voltage 
axis  [6]  we  can  determine  the  energy  of  the  LO 
phonon  emitted.  By  extrapolating  to  zero  mag- 
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Bias  (V) 

Fig.  4.  The  fan  chart  of  the  elastic  and  inelastic  assisted  resonant  tunnelling  features  observed  in  figs.  3a  and  .3b. 


netic  field,  the  fan-shaped  series  of  lines  through 
the  closed  circles  just  beyond  RP,  gives  an  LO 
phonon  energy  of  33  meV.  This  is  close  to  the 
energy  of  the  GaAs  LO  phonon  mode  (36  meV). 
The  two  weaker  peaks  (positions  indicated  by 
open  circles  in  fig.  4)  extrapolate  back  to  give  an 
LO  phonon  energy  of  48  meV.  which  we  attribute 
to  the  AlAs-like  LO  phonon  mode  in  the  barrier 
(7|.  For  these  LO  phonon-assisted  transitions  be¬ 
yond  the  first  resonance,  we  estimate  the  relative 
strengths  of  the  GaAs  and  AlAs  LO  phonon  emis¬ 
sion  processes  to  be  in  the  ratio  8:1. 

The  fan  of  points  which  occurs  beyond  the 
second  resonant  peak  at  0.9  V  is  also  related  to  the 
resonant  tunnelling  of  an  electron  with  the  emis¬ 
sion  of  an  LO  phonon.  However,  the  space  charge 
build-up  and  intrinsic  bistability  which  occurs  on 
the  second  resonance  makes  it  difficult  to  de¬ 
termine  the  LO  phonon  energy  accurately. 

The  charge  confined  in  the  QW  under  resonant 
tunnelling  conditions  can  be  determined  from  a 
line-shape  analysis  of  the  QW  PL  emission  spectra 
(5).  Fig.  5  shows  a  set  of  PL  spectra  obtained  over 


a  wide  range  of  voltage  covering  the  three  reso¬ 
nances.  For  all  the  spectra,  the  energy  of  the  peak 
intensity  of  the  QW  PL  spectra  corresponds  to  the 
recombination  of  electrons  in  the  state  of  the 
conduction  band  QW  with  holes  in  the  lowest 
state  of  the  valence  band  QW.  This  is  the  case 
even  at  bias  voltages  above  0.4  V  where  the  elec¬ 
trons  are  tunnelling  into  the  second  (cY)  or  third 
(e^ )  states  of  the  QW  and  provides  clear  evidence 
for  a  sequential  tunnelling  process  in  which  the 
electrons  undergo  inter-subband  scattering  into 
the  lowest  bound  state  of  the  QW  [2.5].  This 
process  involves  the  emission  of  an  LO  phonon 
and  occurs  on  a  time  scale  typically  =  1  ps.  Note 
also  that  as  the  bias  is  increased  there  is  an  overall 
shift  in  the  peak  intensity  position  to  lower  en¬ 
ergies.  This  is  due  to  the  quantum  confined  Stark 
effect  [8]. 

Direct  evidence  for  the  large  electron  space 
charge  build  up  in  the  QW  at  the  second  reso¬ 
nance  is  provided  by  the  increase  of  the  PL  line- 
width  between  0.7  and  0.8  V  (see  fig.  5).  When  the 
device  comes  off  resonance  (0.9,  V)  the  electronic 
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Pig.  5.  PL  >pccira  measured  ai  a  senes  of  forward  bias  voliages 
ci>rrespunding  lo  ihe  three  electron  rest>nances.  in  forward 
bias. 

space  charge  is  ejected  from  the  QW  and  the 
line-width  narrows  again.  This  can  be  seen  by 
comparing  the  line-width  for  the  spectra  taken  at 
0.8  and  0.925  V  (see  fig.  5).  From  the  line-shape 
analysis  we  estimate  a  .sheet  charge  density  of 
=  2  X  10"  cm  ’  in  the  at  the  peak  of  the 
.second  resonance  in  /(F). 

The  very  low  attenuation  of  the  excitation  light 
and  the  PL  emi.s.sion  in  the  window  layer  also 
allows  us  to  study  the  device  in  a  covenient  way 
for  both  bias  directions.  This  provides  information 
about  the  mechanism  for  the  hole  generation  and 
capture  processes.  In  a  conventional  structure,  the 
PL  intensity  form  the  QW  is  highly  a.symmetric 
with  re.spect  to  bias  direction.  A  typical  ratio  is 


5 : 1  in  favour  of  the  bias  direction  in  which  the 
holes  are  created  in  the  top  contact  layers  and 
then  tunnel  into  the  QW  [4,5]  where  they  recom¬ 
bine  radiatively  with  the  electrons.  In  contrast,  for 
the  device  with  the  window  layer,  there  is  a  high 
degree  of  symmetry  in  the  integrated  PL  intensity 
(/pl)  with  respect  to  bias  direction,  as  shown  in 
fig.  2b.  The  PL  excitation  energy  used  for  this 
study  was  1.535  eV,  which  is  27  meV  below  that 
required  for  direct  excitation  in  the  QW  and  12 
meV  above  the  GaAs  band  gap  energy.  Thus  holes 
cannot  be  generated  directly  in  the  QW.  The  ob¬ 
served  PL  arises  from  holes  which  tunnel  into  the 
well  from  the  contact  regions.  The  integrated  PL 
intensity  shows  a  weak  peak  at  low  bias  corre¬ 
sponding  to  the  small  build-up  of  electronic  space 
charge  in  the  QW  at  the  first  resonance.  This  peak 
occurs  at  the  same  voltage  as  the  first  resonant 
peak  in  /(V).  Beyond  the  first  resonance  there  is 
always  a  small  residual  electronic  charge  in  the 
QW.  The  steady  increase  in  the  integrated  PI, 
intensity  up  to  0.6  V  is  due  to  increasing  electronic 
space  charge  build-up  as  the  peak  of  the  second 
resonance  is  approached.  However,  the  PL  inten¬ 
sity  starts  to  fall  before  the  second  resonant  peak 
is  reached  due  to  the  decrease  in  the  capture 
efficiency  of  the  photo-created  holes  in  the  valence 
band  QW  [5]. 

As  staled  earlier,  the  illumination  energy  of 
1.535  eV  is  insufficient  for  direct  excitation  in  the 
QW.  Hence  the  only  mechanism  by  which  holes 
can  enter  the  QW  is  via  tunnelling.  Because  /p,  is 
symmetrical  it  can  be  concluded  that  the  hole 
density  (n^)  in  the  QW  is  also  .symmetrical  with 
respect  to  bias  direction.  However,  the  total  num¬ 
ber  of  holes  created  above  and  below  the  barriers 
is  very  different,  since  there  is  only  80  nm  of 
GaAs  on  Ihe  top  side  of  the  barriers.  Thus  only 
10%  of  the  incident  light  will  be  absorbed  in  the 
relatively  thin  GaAs  layer  above  the  QW  (ab.sorp- 
tion  coefficiei.t  a  =  1  x  10'’  cm  ' ).  The  rest  of  the 
light  will  be  absorbed  below  the  barrier  system.  If 
the  diffusion  of  holes  towards  the  barrier  is  the 
dominant  hole  collection  process,  and  the  diffu¬ 
sion  length  is  relatively  long  (  >  200  nm)  then  in 
reverse  bias  (holes  drift  from  Ihe  substrate  to  the 
top  contact)  /p,  would  be  expected  to  be  much 
stronger  than  for  forward  bias.  This  conclusion  is 
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reached  since  the  hole  production  rate  is  much 
greater  in  the  thick  GaAs  region  below  the  QW 
than  in  the  relatively  thin  (80  nm)  GaAs  layer 
above  the  QW.  Thus  in  order  to  explain  the  nearly 
symmetrical  results  in  fig.  2b,  it  is  con¬ 

cluded  that  the  hole  diffusion  length  must  be  less 
than  100  nm  in  this  sample,  and  that  drift  towards 
the  barriers  of  the  holes  created  close  to  the  bar¬ 
rier  or  in  the  high  field  collector  region  is  very 
likely  the  dominant  hole  collection  process. 

Conclusion.  In  conclusion  we  have  fabricated  and 
studied  a  double  barrier  resonant  tunnelling  de¬ 
vice  which  incorporates  a  heavily  doped  (AlGa)As 
window  layer.  This  layer  prevents  reabsorption  of 
PL  emission  from  the  QW.  The  PL  intensity  is 
symmetric  with  respect  to  applied  bias,  in  contrast 
to  previous  results  obtained  for  conventional 
structures.  The  incorporation  of  the  window  layer 
does  not  impair  the  electrical  properties  of  the 
device. 
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Transport  in  AI  ^Gai_j^As/In^,Gai_^As  resonant  tunneling  diodes 
with  asymmetric  layers 
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Al,Ga, As/In ,Gai _,,As  resonant  tunneling  diodes  (RTDs)  grown  by  molecular  beam  epitaxy  with  symmetric  and  asymmetric 
spacer  layers  have  been  fabricated  and  studied  by  electric  and  magnetic  field  measurements.  Pseudomorphic  (pm)  Alp  35Gaoe,}As/ 
IngiGag^As  RTDs  with  asymmetric  spacer  layers  exhibit  novel  tunneling  phenomena  depending  upon  the  bias  direction.  Tunneling 
is  through  the  ground  state  energy  of  the  Inj  ,Gao,As  well  when  the  thick  spacer  layer  is  in  the  leading  edge  of  the  device  while  it  is 
through  the  first  excited  state  of  the  In,,  |Ga(|,As  well  when  the  thick  spacer  layer  is  in  the  trailing  edge  of  the  diode.  Shubnikov-De 
Haas  oscillations  obtained  from  the  pm-RTDs  of  asymmetric  spacer  layers  also  show  different  features  depending  upon  the  bias 
direction.  Improved  device  performance  is  observed  when  a  thick  spacer  layer  is  on  the  substrate  side  rather  than  the  top  contact  side, 
which  is  evidence  of  silicon  dopant  atom  outdiffusion  during  molecular  beam  epitaxial  growth. 


I.  Introduction 

Considerable  progress  has  been  made  in  the 
fabrication  of  compound  semiconductor  devices 
over  the  past  decades  through  advances  in  epi¬ 
taxial  growth  technology.  These  techniques  make 
possible  the  growth  of  structures  composed  of 
different  semiconductor  materials  with  layer  thick¬ 
ness  precisely  controlled  to  within  a  few  angstroms. 
As  the  device  dimensions  are  reduced,  quantum 
mechanical  phenomena  which  do  not  have  classi¬ 
cal  analogies,  become  increasingly  important.  One 
such  device  which  depends  explicitly  on  quantum 
interference  is  the  resonant  tunneling  diode  (RTD) 
whose  transport  properties  were  first  investigated 
by  Tsu  and  Esaki  [1]. 

The  RTDs  fabricated  by  numerous  groups  usu¬ 
ally  contain  undoped  GaAs  layers  (referred  to  as 
spacer  layers)  adjacent  to  tunnel  barriers  to  reduce 
ionized  impurity  scattering  [2,3].  In  this  paper  we 
report  on  transport  of  pm-Alg  jjGao^jAs/ 
ln^Ga,_,.As  RTDs  with  symmetric  and  asymmet- 

*  Present  address:  Department  uf  Materials  Science  and  En¬ 
gineering,  University  of  Washington.  Seattle.  Washington 
98195,  USA. 


lie  spacer  layers  through  current-voltage  and 
magneto-transport  measurements. 

TTie  RTDs  studied  here  were  grown  by  MBE 
on  silicon  doped  (n  =  2  x  10"*  cm~^)  (100)  GaAs 
substrates.  The  Al()35Gao(,5As/ In^.Gaj.^.As 
RTDs  consist  of  the  following  layers,  in  order  of 
growth  from  the  n’^-GaAs  substrate:  1  (xm  of 
/?  =  1  X  10’*  cm^^  GaAs  buffer  layer,  undoped 
GaAs  spacer  layer  whose  thickness  is  ranging  from 
35  to  500  A,  85  A  of  undoped  AlojsGao^sAs 
barrier,  50  A  of  undoped  In,.Ga,_,,As  well  (  v  =  0 
and  0.1),  85  A  of  undoped  Alo  jsGaQ ^jAs  barrier, 
undoped  GaAs  spacer  layer  of  thickness  from  35 
to  500  A  and  4(X)0  A  of  silicon  1  X  10'*  cm“^ 
doped  top  (emitter)  contact  layer.  After  the  epi¬ 
taxial  growth  of  the  RTD  structure,  devices  of 
lateral  dimensions  ranging  from  50  X  50  to  200  x 
200  pm^  were  fabricated  and  wire  bonded  in  an 
integrated  circuit  (1C)  package  for  measurements. 


2.  Influence  of  InGaAs  layer  on  RTD  performance 

Figs,  la  and  lb,  respectively,  are  I-V  curves  of 
the  lattice  matched  Alo  jjGaofcsAs/GaAs  and  the 
pm-Alo35Gao.e,5As/Ino  ,Gao,As  RTDs  with  a  50 
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A  thick  spacer  layer  measured  at  77  and  1.8  K. 
The  two  RTDs  have  the  same  structural  parame¬ 
ters  except  for  the  well.  The  lattice  matched  device 
shows  somewhat  better  device  performance 
(PVCR,  valley  width,  and  peak  current)  at  lower 
temperature  while  the  pseudomorphic  device  does 
not.  This  difference  may  be  due  to  the  fact  that 
the  latter  experiences  alloy  scattering  due  to  the 
presence  of  the  InGaAs  layer  in  the  well.  InGaAs 
grown  pseudomorphically  on  GaAs  substrate  is 
strained  due  to  lattice  mismatch  (1%  for  InAs  on 
GaAs).  This  strain  may  result  in  additional  intrin¬ 
sic  crystal  imperfections,  even  below  the  critical 
thickness  [4].  The  InGaAs  layer  may  also  suffer 
from  increased  interface  roughness  scattering  due 
to  In  atom  segregation  during  MBE  growth  [S]. 
Most  of  the  scattering  processes  associated  with 
the  presence  of  the  InGaAs  layer,  such  as  alloy 


Fig.  1.  I-V  characteristics  of  (a)  the  pm-Alo jsGao^As/ 
ItigiGagfAs  RTD  and  (b)  the  lattice-matched  AlojsGagj, 
As/GaAs  RTD  with  SO  A  thick  spacer  layers  measured  at  77 
and  1.8  K. 


and  interface  roughness  scatterings,  are  not 
strongly  temperature  dependent  so  the  perfor¬ 
mance  of  pm-RTDs  at  lower  tempterature  shows 
less  improvement  than  RTDs  from  the  lattice 
matched  system. 


3.  The  pm-RTDs  with  asymmetric  spacer  layers 

Pseudomorphic  RTDs  with  asymmetric  spacer 
layer  thicknesses  were  grown  with  AlojjGao^jAs 
barriers  and  Ino,Gao.,As  wells.  For  one  pm-RTD, 
a  50  A  spacer  was  grown  on  the  top  (emitter)  side 
and  a  SOO  A  spacer  was  placed  on  the  substrate 
(collector)  side  for  one  sample,  while  the  other 
sample  had  the  spacer  layer  order  reversed.  RTDs 
with  asymmetric  spacer  layer  configurations  are 
denoted  as  50/500  RTDs  (50  A  on  top  and  500  A 
on  substrate)  and  500/50  RTDs  after  the  spacer 
layer  order  from  top  to  substrate.  RTDs  with 
asymmetric  spacer  layer  configurations  show  very 
asymmetric  I-V  characteristics  depending  upon 
the  bias  direction. 

Typically  /-  V  characteristics  of  the  50/500  and 
500/50  RTDs  measured  at  77  K  are  shown  in  fig. 
2.  The  inset  figure  is  the  current- bias  profile  of 
the  50/500  RTD  at  thermal  equilibrium.  The 
calculated  ground  state  energy  in  the  InGaAs  well 
lies  shghtly  below  the  Fermi  level  due  to  the  effect 
of  charge  storage  in  the  well,  which  raises  the 
ground  state  energy.  The  I-V  curves  of  the  RTD 
show  several  interesting  features.  Large  dif¬ 
ferences  in  the  peak  voltage  (Kp)  and  the  peak 
current  density  {J^)  are  found  to  depend  upon  the 
bias  polarity.  The  measured  values  of  V^  =  0.45  at 
77  K  in  forward  bias  (K^-p  positive)  appear  to  be 
due  to  tunneling  through  the  first  excited  state, 
while  the  peak  voltage  of  0.12  V  for  negative  ^CF. 
corresponds  to  tunneling  through  the  ground  state 
of  the  InGaAs  well,  based  on  the  calculated  posi¬ 
tion  on  these  levels  at  zero  bias.  For  positive  KtE' 
electrons  from  the  emitter  side  must  tunnel 
through  the  emitter  and  the  collector  barriers  as 
well  as  the  thick  collector  spacer  barrier.  Part  of 
the  thick  collector  spacer  layer  acts  as  a  pseudo¬ 
barrier  to  ground  state  tunneling  because  the  en¬ 
ergy  level  in  the  well  lies  below  the  spacer  barrier. 
The  thick  collector  spacer  barrier  reduces  the  tun- 
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Fig.  2.  I-V  characteristics  of  the  50/500  and  500/50  RTDs  measured  at  77  K.  Inset  figure  shows  the  current-bias  profile  of  the 

pm-500/50  RTD  at  thermal  equilibrium. 


nellng  probability,  which  makes  ground  state  tun¬ 
neling  undetectable  in  forward  bias.  However, 
tunneling  through  the  ground  state  energy  in  re¬ 
verse  bias  is  possible  via  a  two  step  transport 
processes.  Electrons  from  the  collector  side  are 
first  accumulated  in  front  of  the  collector  barrier, 
which  modifies  the  CB  profile  and  the  energy  level 
in  the  accumulation  layer  is  aligned  with  the 
ground  state  in  the  well  at  resonance.  The  accu¬ 
mulated  electrons  in  the  collector  spacer  layer 
tunnel  through  the  rest  of  the  double  barrier  as  . 
second  step.  Thus  and  are  smaller  in  revet.-* 
bias  rather  than  in  forward  bias. 

The  general  trends  of  the  500/50  RTD  are 
similar  to  the  previous  50/500  RTD  except  that 
the  bias  polarity  is  reversed.  The  interpretations 
given  for  the  50/500  RTD  are  valid  for  this  device 
too.  However,  the  PVCR  and  valley  width  of  the 
500/50  RTD  are  inferior  to  the  previous  50/500 
RTD  while  the  current  densities  are  higher.  The 
PVCRs  of  the  500/50  RTD  are  4.2  and  1.02 : 1  in 
forward  and  reverse  bias,  respectively.  It  is  worth 
mentioning  that  the  PVCRs  of  the  50/500  RTD 
are  3.0  and  4.7 : 1  for  the  same  bias  configurations. 

The  reduction  in  the  PVCR  of  the  500/50 


sample,  particularly  in  reverse  direction  is  possibly 
due  to  silicon  outdiffusion  in  which  silicon  atoms 
in  GaAs  segregate  during  molecular  beam  epitaxy 
due  to  Fermi  level  pinning  at  the  semiconductor 
surface  [6].  The  50/500  RTD  which  has  a  thicker 
collector  spacer  layer  (i.e.  a  thicker  diffusion  bar¬ 
rier  for  silicon  from  the  substrate  side)  than  the 
500/50  RTD  reduces  ionized  impurity  scattering 
in  the  well.  The  higher  current  through  the  50/500 
RTD  appears  to  be  associated  with  leakage  cur¬ 
rent  through  the  double  barrier  structure  which 
could  be  due  to  the  detrimental  effect  of  impurity 
outdiffusion. 

To  ascertain  whether  tunneUng  is  through  the 
ground  state  or  first  excited  state,  a  set  of  five 
identical  samples  with  symmetric  spacer  layers 
were  studied.  The  samples  have  the  same  struct¬ 
ural  parameters  as  the  pm-AlGaAs/InGaAs  RTDs 
with  asymmet>ic  spacer  layer,  except  for  the  spacer 
layer  configuration.  The  samples  contain  35,  50, 
100,  250,  and  500  A  thick  symmetric  spacer  layers 
and  show  Kp’s  of  0.15,  0.145,  0.232,  and  0.336  V 
respectively  at  77  K,  as  shown  in  fig.  3.  The 
straight  line  in  the  figure  is  a  least-squares  fit  of 
the  Kp’s  as  a  function  of  the  spacer  layer  thickness. 
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Spacer  Width  [A] 

Fig.  3,  Peak  voltage  position  of  the  pm-AlojjGao^sAs/ 
Ino,Gao,As  RTD  with  symmetric  spacer  layers  measured  at 
77  K.  The  straight  line  is  a  result  of  a  least  squares  fit. 


According  to  the  data  shown  in  fig.  3,  the  spacer 
layer  has  to  be  approximately  1000  A  thick  on 
both  sides  for  a  of  0.45  V  to  indicate  ground 
state  tunneling;  in  fact  the  layers  were  50  and  500 
A.  Thus  the  of  0.45  V  is  believed  to  be  evidence 
of  tunneling  through  the  first  excited  level  tunnel¬ 
ing. 


4.  Magnetic  field  study 

Fig.  4  shows  the  magneto-quantum  oscillation 
period  of  the  500/50  and  the  50/500  RTDs  as  a 
function  of  applied  bias.  The  former  is  forward 
biased  and  the  latter  is  reverse  biased,  so  electrons 
first  encounter  the  thicker  of  the  two  spacer  layers 
for  both  cases.  When  both  RTDs  are  oppositely 
biased,  the  conductance  of  the  RTDs  either  de¬ 
creases  quadratically  without  any  oscillations  or 
shows  very  weak  oscillations  up  to  a  magnetic 
field  strength  of  8  T.  The  squares  and  the  triangles 
are  the  oscillation  periods  as  a  function  of  bias  for 
the  50/500  and  the  500/SO  RTDs,  respectively. 
The  solid  lines  are  a  least-squares  fit  of  the  mag¬ 
neto-quantum  periods.  The  origin  of  oscillations  is 
either  the  bulk,  the  accumulation  layer  or  quasi¬ 
bound  state  in  the  well  and  they  show  different 
features  depending  upon  their  origin  [7,8].  In  the 
present  work,  bulk  oscillations  may  be  eliminated 
as  the  source  of  the  observed  oscillation  since  the 


RTDs  fabricated  with  thin  spacer  layers  (below  50 
A)  did  not  show  any  oscillation  up  to  a  magnetic 
field  strength  of  8  T.  Oscillations  associated  with 
Landau  levels  in  the  accumulation  layer  passing 
through  the  Fermi  energy  £p  of  the  contact  layer 
occur  when  Ep  =  E^.  The  oscillations  due  to  the 
electrons  tunneling  into  the  Landau  levels  in  the 
well  and  scattering  into  another  Landau  level, 
possibly  with  longitudinal  optical  (LO)  phonon 
emission,  occur  when  E^  =  E^  +  hu  [9].  The  oscil¬ 
lation  period  in  A^i/B)  of  the  former  case  is 
^ven  by  he/m*(Ef:  -  £ao).  while  that  for  the 
latter  is  fie/[m*(E^  —  E^)  —  [10].  The  slope 

of  the  least-squares  fit  of  the  5(K)/50  and  the 
50/500  RTDs  are  34.5  and  20.75  T/V,  respec¬ 
tively.  The  slope  is  either  m*a/h  or  m*p/h, 
depending  on  its  origin.  The  higher  slope  corre- 
spionds  to  a  higher  a  or  which  signifies  a  larger 
portion  of  the  apphed  voltage  drop  occurs  across 
the  500  A  spacer  layer  of  the  5(X)/50  RTD  com¬ 
pared  to  that  of  the  50/500  RTD.  Thus  a  500  A 
spacer  layer  placed  in  the  collector  side  becomes 
effectively  narrower  than  that  in  the  emitter  side, 
which  agrees  well  with  a  directional  Si  atom  diffu¬ 
sion  toward  the  surface  due  to  surface  Fermi  level 
pinning  during  MBE  growth. 

Assuming  the  origin  of  the  oscillations  is  the 
accumulation  layer,  its  periodicity  is  directly  re¬ 
lated  to  the  carrier  density  by  leB / h,  where 
\/Bf  =  A(\/B)  and  /ijp  is  a  two-dimensional  car¬ 
rier  density  [11]  which  is  shown  in  the  right 


0  0.1  0.2  0.3  0.4 


Bias  [V] 

Fig.  4.  SdH  oscillation  period  of  the  30/S00  and  SOO/SO  RTDs 
as  a  function  of  the  applied  bias.  The  right  ordinate  shows  a 
two-dimensional  carrier  concentration  with  the  corresponding 
B,. 
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ordinate  of  fig.  4.  The  500/50  RTD  shows  a 
higher  njo  which  is  consistent  with  a  higher  cur¬ 
rent  through  the  500/50  RTD. 

5.  Sumnuiry 

An  electrical  and  magnetic  field  study  of  the 
pseudomorphic  and  lattice-matched  AlGaAs/ 
InGaAs  RTDs  grown  by  molecular  beam  epitaxy 
has  been  presented.  The  general  performance 
(PVCR,  valley  width  and  peak  current)  of  the 
pm-RTDs  studied  is  inferior  to  the  lattice  matched 
diodes  due  to  alloy  scattering  from  the  InGaAs 
layer  as  well  as  interface  roughness  scattering  due 
to  possible  indium  segregation.  pm-RTDs  with 
asymmetric  spacer  layers  exhibited  very  strong 
evidence  that  the  spacer  layer  plays  different  roles 
depending  upon  their  position.  pm-AlGaAs/ 
InGaAs  RTDs  with  asymmetric  spacer  layers  show 
novel  tunneling  phenomena  depending  upon  the 
bias  direction.  The  asymmetric  pm-RTD  with  a 
thick  spacer  layer  on  the  substrate  side  yields 
better  performance  than  when  the  thick  spacer 
layer  is  on  the  top  side.  This  result  may  be  due  to 
growth  artifacts  as  follows.  Silicon  impurities  tends 
to  outdiffuse  during  MBE  growth  due  to  surface 
Fermi  level  pinning.  Thus,  the  RTD  with  a  thicker 
spacer  layer  on  the  substrate  side  shows  better 
performance.  Analysis  of  the  Shubnikov-De  Haas 
oscillation  period  of  the  two  diodes  provides  evi¬ 
dence  of  silicon  outdiffusion  which  agrees  well 
with  the  analysis  obtained  from  I-  V  characteris¬ 
tics. 
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MBE  growth  and  post-growth  annealing  of  GaAs-based  resonant 
tunnehng  structures,  viewed  in  relation  to  interface  roughness 

H.  Riechert.  D.  Bernklau,  J.-P.  Reithmaier  *  and  R.D.  Schnell 

Siemens  Research  Lahoratones,  P.  O.  Box  830952.  W-8()()0  Mitnchen  83,  Germany 


Device-oriented  double  barrier  quantum  well  structures  of  very  hi^  quality  were  grown  by  MBE  on  GaAs  substrates.  We  present 
electrical  characteri.stics  of  structures  with  GaAs  and  pseudomorphic  InGaAs  wells  in  correlation  with  the  growth  parameters  we 
used.  Post-growth  annealing  experiments  show  that  the  peak-to-valley  current  ratios  of  even  our  best  structures  can  still  be  improved 
and  that  electrical  measurements  on  such  structures  can  very  sensitively  detect  interface  degradation  occurring  at  temperatures  above 
800°C.  We  discuss  our  electrical  data  in  relation  to  interface  quality,  concluding  that  they  yield  information  about  interface 
roughness  on  a  scale  smaller  than  that  probed  by  photoluminescence. 


1.  Introduction 

Double  barrier  quantum  well  (DBQW)  struc¬ 
tures  for  resonant  tunneling  are  one  of  the  sim¬ 
plest  forms  of  a  quantum  electronic  device.  There¬ 
fore  the  optimisation  of  their  performance  pre¬ 
sents  an  important  task  to  both  epitaxial  technol¬ 
ogy  and  structural  design. 

Key  parameters  are  the  peak  current  density 
at  the  resonance  voltage  at  which  the  negative 
differential  resistance  sets  in  as  well  as  the  peak- 
to-valley  current  ratio  PVR  =  jp/j.  with  j.  being 
the  current  minimum  (“  valley")  at  a  voltage  just 
beyond  the  resonance.  Whereas  jp  depends  ex¬ 
ponentially  on  the  barrier  thickness,  the  factors 
influencing  PVR  are  theoretically  not  so  clear. 
Recent  work  [1]  has  shown  that  inelastic  scattering 
processes  limit  the  practically  obtainable  PVR  and 
that  for  a  given  structure  the  interface  roughness 
is  the  most  important  growth-related  parameter. 
Thus  electrical  characteristics  of  DBQWs  may  be 
an  important  way  of  judging  interface  quality, 
complementary  to  photoluminescence. 

We  have  recently  reported  DBQW  structures 

*  Work  performed  under  a  Siemens  PhD  grant.  Present  ad¬ 
dress:  IBM  Research  Laboratory.  Sgumerstras.se  4.  CH-8803 
Riischlikon,  Switzerland. 


on  GaAs  substrates  with  much  improved  PVRs 
{2).  amongst  them  a  special  structure  containing 
an  InGaAs  “prewell”  adjacent  to  one  barrier  on 
which  we  obtained  the  highest  room  temperature 
PVR  (5.9)  ever  reported  for  GaAs-based  struc¬ 
tures. 

In  this  paper  results  on  two  types  of  structures 
will  be  presented  and  discussed  in  relation  to  the 
roughness  of  the  heterojunction  interfaces;  (i)  con¬ 
ventional  GaAs/GaAIAs  structures  (type  A);  (ii) 
structures  with  InGaAs  of  varied  In  content  as  the 
central  potential  well  (type  B). 


2.  Experimental 

After  structural  optimizations  [2,3]  we  con¬ 
centrated  on  DBQW  structures  as  depicted  in  fig. 
1.  All  results  reported  here  pertain  to  the  same 
GaAlAs  barrier/well  dimensions  of  30  A/40  A 
with  an  A1  content  of  0.6  in  the  barriers  and  to  the 
same  two-step  Si-doping  profile  which  symmetri¬ 
cally  embeds  the  DBQW. 

The  DBQW  structures  were  grown  in  a  VG 
Semicon  V  80H  MBE  system,  using  elemental 
sources.  The  substrates  used  were  2  inch,  n  '^-doped 
(Si  or  Te),  (100)  ±0.5“  or  2“  off-oriented.  The 
substrate  temperature  was  measured  by  a  short 
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Fig.  1.  Schemalic  cro$.s  section  through  our  double  barrier 
quantum  well  structures. 

wavelength  pyrometer,  as  required  by  the  In-free 
mounting  technique  we  employed.  The  GaAs  oxide 
desorption  temperature,  taken  as  580°C,  was 
routinely  used  as  a  calibration  point.  In  the  central 
part  of  the  structure  the  GaAs  growth  rate  was 
about  0.6  A/s.  No  growth  interruptions  at  the 
interfaces  were  employed. 

The  processing  into  diodes  and  details  on  elec¬ 
trical  measurements  are  given  in  refs.  (2,31. 

Post-growth  annealing  experiments  were  per¬ 
formed  to  assess  the  process  stability  of  our  struc¬ 
tures  and  to  examine  if  improvements  like  those 
observed  in  the  photoluminescence  yield  of  pseu- 
domorphic  InGaAs/GaAlAs  QWs  [4]  could  be 
found.  To  this  purpose,  quarters  of  2  inch  wafers 
were  capless  annealed  under  AsH ,  employing  a  5 
min  temperature  ramp  and  holding  the  samples  at 
the  specified  temperature  for  a  further  25  min. 
These  annealing  conditions  were  found  to  give 
damage  free  surfaces  suitable  for  shallow  channel 
(  <  500  A)  MESFET  application  [5],  ensuring  that 
the  DBQVV  structure  is  not  influenced  by  surface 
degradation.  The  wafers  were  subsequently 
processed  into  diodes,  such  that  each  piece  was 
annealed  at  only  one  temperature. 

3.  Results  and  discussion 

Room  temperature  electrical  data  for  our 
GaAs/GaAlAs  structure  are  given  in  table  1.  The 


Table  1 

Data  of  GaAs/Gao4A!o6As  DBQW  structures 


(°C) 

yp(-^) 
(kA/cm^ ) 

(mV) 

< 

1 

PVR(  + ) 

605 

5.8 

1430 

3.4 

3.6 

3.9 

605 

6.0 

1410 

3.6 

3.8 

4.1 

525 

6.4 

1400 

4.1 

4.4 

4.6 

520 

7.0 

1410 

3.9 

4.5 

4.8 

505 

5.0 

1280 

4.0 

4.6 

4.8 

7^;  growth  temperature. 

Vpi  bias  voltage  at  which  peak  current  is  observed. 

(  + )  and  ( - )  refer  to  electron  injection  from  the  top  and  from 
the  substrate,  respectively. 

All  electrical  data  taken  at  room  temperature. 


average  PVR  values  given  (( -i- )  and  ( — )  desig¬ 
nating  electron  injection  from  the  top  and  from 
the  substrate,  respectively)  are  the  mean  values  of 
10-12  examined  test  diodes  taken  across  a  35  mm 
diameter  area  in  the  center  of  the  2  inch  wafer. 
There  is  a  tendency  towards  higher  peak  currents 
and  higher  resonance  voltages  towards  the  edge  of 
the  wafer,  due  to  decreasing  layer  thickness.  The 
PVR  values,  however,  are  very  uniform  over  the 
35  mm  diameter  area.  Results  from  DBQWs  grown 
on  differently  oriented  substrates  were  within  this 
variation  of  data. 

The  PVRs  obtained  represent  a  significant  im¬ 
provement  over  the  highest  room  temperature  val¬ 
ues  previously  reported  in  this  material  system  [6] 
and  are  achieved  with  slightly  higher  peak  current 
densities  (7  kA/cm’).  Note  that  the  high  quality 
of  the  structures  grown  at  605°C  is  still  exceeded 
by  those  grown  around  520°C,  a  growth  tempera¬ 
ture  uncommonly  low  for  heterostructures  in  this 
material. 

The  DBQWs  of  type  B  which  we  have  grown 
are  identical  to  the  GaAs/GaAlAs  structure  ex¬ 
cept  for  the  In  contents  of  8%.  11%  and  15%  in  the 
well  layers.  The  In  contents  were  closely  moni¬ 
tored  by  optical  absorption  and  photolumines¬ 
cence  studies  on  InGaAs/GaAs  MQW  layers  [8] 
grown  with  the  same  flux  settings,  usually  on  the 
same  day. 

The  growth  temperature  for  the  active  part  of 
the  structure  was  below  530  °C.  The  electrical 
data  obtained  at  room  temperature  for  these  struc¬ 
tures  are  presented  in  table  2.  Contrary  to  previ- 
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Table  2 

Data  on  ln^Ga,_,.As/Gao4AlotAs  DBQW  structures;  for 
explanations  see  table  1 


y 

(kA/cm^ ) 

(mV) 

PVR(  - ) 

PVR(  +  ) 

PVR,„.. 

0.08 

3.3 

750 

3.95 

3.85 

4.1 

0.11 

1.0 

400 

2.83 

2.56 

3.4 

0.15 

0.6 

310 

2.35 

2.06 

2.6 

ous  results  in  the  literature  (PVR  <  2;  see,  e.g.,  ref. 
[7]),  the  PVR  values  of  our  structures  can  be 
almost  comparable  to  those  of  our  Ga.\s/GaAlAs 
structures.  The  desired  reduction  in  the  resonance 
voltage  f/p  is  clearly  achieved.  We  find  a  more 
pronounced  variation  of  PVR  on  the  wafer  than 
on  type  A  structures.  Having  checked  by  photo¬ 
luminescence  that  the  In  content  is  constant  to 
within  .1%  we  attribute  this  to  a  dependence  of 
PVR  on  the  substrate  temperature,  which  is  more 
critical  than  for  GaAs.  Note  the  asymmetry  in  the 
/-  V  curves,  which  is  generally  smaller  but  always 
opposite  to  that  found  for  structures  of  type  A. 
This  will  be  explained  below. 

Post-growth  annealing  experiments  were  per¬ 
formed  with  quarters  of  4  wafers,  2  with  structures 
of  type  A  and  2  of  type  B  with  8%  In  in  the  well. 


For  each  type  one  wafer  of  the  highest  and  one  of 
somewhat  lower  quality  underwent  the  anneals. 
Again,  the  higher  PVRs  were  obtained  on  material 
grown  at  the  slightly  lower  substrate  temperatures 
(505-508°C  rather  than  515-520°C).  The  com¬ 
plete  results  are  given  in  table  3,  from  which  we 
extract  the  following  information. 

First,  annealing  improves  the  PVRs  (again 
measured  at  room  temperature)  of  all  samples, 
even  in  those  which  from  their  as-grown  data,  are 
among  our  very  best.  Maximum  PVRs  are  ob¬ 
tained  after  annealing  at  800-820°C. 

Secondly,  there  is  a  clear  trend  that  rising  an¬ 
nealing  temperatures  cause  a  moderate  increase  in 
the  peak  current  density  and  the  resonance 
voltage  t/p,  particularly  in  the  structures  with  In- 
GaAs  wells.  We  attribute  this  to  a  narrowing  of 
the  potential  well  by  a  slight  diffusion  of  A1  from 
the  barriers.  As  the  energy  of  the  quantized  well 
state  goes  up,  the  transmission  function  broadens, 
which  would  explain  the  increase  in  j^. 

Thirdly,  while  the  thermal  stability  of  all  struc¬ 
tures  is  quite  good,  we  find  drastic  changes  in  the 
electrical  data  of  sample  A1  after  the  820°C  an¬ 
neal,  as  shown  in  fig.  2.  The  resonance  voltage 
rises  by  about  40%.  and  the  peak  current  drops 
sharply.  This  must  be  due  to  a  more  severe  A1 


Table  3 

Room  temperature  data  of  annealed  samples 


Sample 

Temperature 

(-C) 

(kA/cm^ ) 

(/p(  +  ) 

(mV) 

PVR(  +  ) 

PVR(  -  ) 

P'VRm.x 

Al 

525 

4.8 

1580 

4.41 

4.27 

4.6 

750 

4.9 

1520 

4.29 

4.14 

4.5 

800 

5.6 

1600 

4.74 

4.54 

4.9 

820 

1.5 

2200 

4.35 

4.07 

5.1 

A2 

505 

4.5 

1200 

4.61 

3.98 

4.8 

820 

5.5 

1260 

4.86 

3.99 

5.1 

840 

5.6 

1320 

4.67 

4.21 

4.9 

BI 

520 

1.5 

690 

2.73 

2.93 

3.1 

750 

1.6 

720 

2.74 

2.92 

3.4 

800 

2.5 

920 

2.56 

2.81 

3.2 

B2 

508 

1.5 

560 

3.72 

3.65 

3.9 

820 

1.2 

700 

4.02 

3.46 

4.3 

840 

2.8 

840 

3.72 

3.79 

4.1 

Al  and  A2  with  GaAs  wells;  B1  and  B2  with  Inpo,Gao,2As  wells. 
The  lowest  temperatures  are  the  growth  temperatures. 
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Fig.  2.  Peak  current  density  (open  symbols)  and  resonance 
voltage  (full  symbols)  of  sample  Al  after  different  anneals.  The 
lowest  temperature  is  the  growth  temperature. 


diffusion  causing  the  potential  barrier  to  widen 
significantly,  which  in  turn  leads  to  the  decrease 
on  7p.  Thus,  the  electrical  data  give  a  very  clear 
indication  of  a  thermal  degradation. 

Last,  we  recall  the  correlation  between  interface 
quality  and  PVR.  which  we  discussed  in  a  forth¬ 
coming  publication  (ref.  [3]  and  references  therein) 
and  extend  it  by  the  data  presented  here.  Citing 
recent  theoretical  and  experimental  results  we 
concluded  that  the  PVR  is  a  valid  measure  for 
interface  roughness.  We  interpret  the  fact  that  our 
best  PVRs  are  obtained  by  growth  at  temperatures 
far  below  those  which  give  best  optical  quantum 
well  performance  by  considering  the  different 
probe  scales  of  optical  and  tunneling  experiments; 
Tunneling  involves  hot  electrons  which  probe 
lenghts  of  the  order  of  their  de  Broglie  wavelength 
( >  30  A)  whereas  photoluminescence  averages 
over  the  typical  exciton  diameter  of  <  300  A. 

Thus  from  our  results  on  PVRs  of  structures 
grown  at  different  temperatures  (table  1)  we  have 
to  conclude  that  heterointerfaces  grown  at  > 
600°C  must  contain  roughness  on  a  50  A  scale  in 
contradiction  to  generally  accepted  ideas  of  mono¬ 
layer-flat  islands  of  >  300  A  size,  at  least  for  the 
upp)er  GaAs/GaAlAs  interface. 

Recently,  however,  strong  evidence  has  been 
brought  up  against  this  simple  explanation  of 


optical  data  [10].  Adopting  the  view  taken  in  ref. 
[10]  that  one  always  has  to  consider  a  roughness 
spectrum,  we  can  simply  reconcile  our  electrical 
data  with  commom  results  of  optical  experiments 
by  assuming  that  at  low  growth  temp)eratures  we 
optimize  the  interface  roughness  periodicity  on  the 
de  Broglie  wavelength  scale,  whereas  at  higher 
growth  temperatures  we  minimize  the  roughness 
periodicities  around  the  exciton  diameter,  which 
then  leads  to  narrowest  QW  photoluminescence 
linewidths. 

Furthermore,  based  on  a  comparison  of  the 
electrical  characteristics  of  structures  with  and 
without  In  in  the  potential  well  we  explained  the 
origin  of  the  asymmetry  in  the  I-V  curves;  R  = 
PVR( -I- )/PVR(  — )  >  1  if  the  upper  barrier/well 
interface  is  of  higher  quality,  as  it  is  the  case  for 
GaAs  wells.  For  InGaAs  wells  PVR(  -i- )/ 
PVR(  — )  <  1,  which  we  attribute  to  the  fact  that 
pseudomorphic  InGaAs  shows  a  stronger  tend¬ 
ency  for  3D  growth  than  GaAs  [9]. 

On  the  basis  of  this  model  we  can  differentiate 
between  the  quality  of  the  top  and  bottom  in- 
ferfaces  by  measuring  under  positive  or  negative 
bias.  Thus,  we  can  determine  which  interface  is 
more  affected  by  the  anneals;  In  both  of  the  better 
samples,  the  highest  PVRs  are  attained  in  con¬ 
junction  with  a  significant  increase  in  /?.  in  both 
samples  the  top  interface  is  improved,  in  sample 
B2  the  bottom  interface  is  slightly  worse  than 
without  anneal.  Both  samples,  however,  show  an 
improvement  of  the  bottom  interface  with  the 
anneal  at  840°C. 

Also,  it  is  interesting  to  note  that  the  top  inter¬ 
face  of  the  GaAs  well  can  be  improved,  i.e.  that 
on  the  small  scale  probed  by  tunneling  electrons 
there  was  still  some  roughness  present  after 
growth. 

4.  Conclusions 

We  have  reported  the  growth  of  high  perfor¬ 
mance  double  barrier  quantum  well  structures 
which  we  believe  set  a  new  standard  for  the  room 
temperature  performance  of  GaAs-based  struc¬ 
tures.  Particularly  large  improvements  were  at¬ 
tained  for  structures  containing  pseudomorphic 
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InGaAs  wells.  Both  pseudomorphic  and  conven¬ 
tional  DBQW  structures  are  stable  under  20  min 
anneals  of  up  to  840°C.  thermal  degradation  of 
the  interfaces  is  sensitively  detected  by  electrical 
measurements.  We  argue  that  the  use  of  low 
growth  temperatures  mimimizes  electron  scatter¬ 
ing  by  interface  roughness  on  a  =  50  A  scale. 
Thus,  electrical  data  yield  information  which  is 
complementary  to  that  found  from  photolumines¬ 
cence. 
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MBE  growth  of  GaAs/AlAs  double-barrier  structures 
on  GaAs  channeled  substrates 
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Overgrowth  of  GaAs  and  GaAs/AlAs  heterostructures  on  GaAs  channeled  substrates  by  MBE  was  studied.  Grooves  along  [Oil] 
were  made  on  a  (100)  GaAs  substrate  by  selective  etching.  There  are  two  kinds  of  crystal  planes  on  the  substrate:  a  (100)  plane  (flat 
region)  and  a  (IIDA  plane  (slope  region).  We  first  demonstrated  the  resonant  tunneling  of  electrons  preferentially  through  a  small 
(lll)A  slope  region  (12  ^m  wide)  of  GaAs/AlAs  double-barrier  structures  grown  on  the  channeled  substrates. 


I.  Introduction 

MBE  overgrowth  of  GaAs/AlGaAs  hetero¬ 
structures  on  channeled  substrates,  which  has 
laterally  several  kinds  of  facets  on  its  surface,  has 
three  advantages  for  fabricating  low-dimensional 
electron  structures:  (1)  The  effective  band  gap  in  a 
quantum  well  structure  can  be  laterally  modulated 
because  of  different  growth  rates  for  different 
facets  owing  to  the  different  incident  angles  of  the 
molecular  beam  fluxes  and  the  different  dissocia¬ 
tion  rates  of  molecular  species.  (2)  The  lateral 
dimension  of  the  structures  can  be  precisely  con¬ 
trolled  because  of  the  fine  controllability  of  both 
etching  processes  and  MBE  growth.  (3)  Defect-free 
low-dimensional  structures  can  be  realized,  be¬ 
cause  the  final  stage  of  fabrication,  which  often 


*  Present  address:  Fujitsu  Laboratories,  10-1  Morinosato- 
Wakamiya,  Atsugi  243-0],  Japan. 

**  Present  address:  Research  Center  R*D  Headquarters. 
Sanyo  Electric  Co.  Ltd.,  1-18-13  Hashiridani,  Hirakata 
573,  Japan. 


includes  formation  of  an  active  region  of  the 
structure,  is  made  by  MBE. 

Recently,  many  investigations  of  MBE  growth 
of  Ill-V  compound  semiconductor  materials  on 
channeled  substrates  have  been  reported:  they  are 
observation  by  scanning  electron  microscope 
(SEM)  [1-3],  investigation  of  growth  modes  [2,3], 
growth  simulation  of  MBE  overgrowth  [3],  ob¬ 
servation  by  transmission  electron  microscope 
(TEM)  [4-6]  and  by  cathodoluminescence  (CL) 
[5-7],  Si  doping  characteristics  of  GaAs  [8],  Ra¬ 
man  and  photoluminescence  measurements  of  Al- 
GaAs  [9],  laser  diodes  [2,7,9-11],  and  fabrication 
of  quantum  well  wires  [12], 

When  this  technique  (overgrowth  on  channeled 
substrates)  is  applied  to  fabrication  of  the  low-di¬ 
mensional  structures,  it  is  very  important  to  un¬ 
derstand  electrical  and  electronic  properties  of  an 
overgrown  layer  both  in  the  flat  region  (typically 
(100)  plane)  and  in  the  slope  region  (often  (lll)A 
or  (311)A  facet  planes).  There  have  been,  however, 
few  reports  on  characterization  of  epitaxial  layers, 
especially  on  the  slope  region  because  of  technical 
difficulties.  This  paper  reports  the  first  fabrication 


0022-0248/91 /S03  50  ©  1991  -  Elsevier  Science  Publishers  B.V.  (Norlh-Holland) 


1106 


5.  Shimomura  et  ai  /  MBE  growth  of  GoAs /  AlAs  double-barrier  structures  on  GaAs 


of  GaAs/ AlAs  resonant  tunneling  diodes  (RTDs) 
on  GaAs  channeled  substrates  and  preliminary, 
but  successful,  observation  of  negative-differential 
resistance  due  to  a  resonant  tunneling  current 
preferentially  through  the  (lll)A  side  slope  region 
of  double-barrier  structures. 


2.  Experiments 

Grooves  along  [Oil]  were  made  by  selective 
etching  on  (100)  GaAs  substrates  with  the  use  of 
an  AZ-1350J  resist  mask  and  an  etchant  of 
HjPO^  ;  HjO,  =  1  ;  10.  The  etching  depth  was 
about  10  /im.  The  upper  and  lower  (100)  planes 
are  connected  by  the  (lll)A  facet  slop»e.  After 
removing  the  resist,  the  surface  of  the  substrate 
was  degreased  and  was  slightly  etched  by 
HjPO^ .  HjO^ :  HjO  =  3:1:50. 

First,  we  studied  surface  morphology  and  elec¬ 
trical  properties  (n-type  or  p-type  conductivity)  of 
Si-doped  GaAs  (doping  concentration  of  1  X  10"* 
cm  *)  on  the  channeled  substrates  as  a  function 


of  substrate  temperature  (TJ  and  V/III  pressure 
ratio,  because  the  RTDs  require  good  surface 
morphology  and  n-type  conductivity  on  the  (lll)A 
slope  region  as  well  as  on  the  (100)  region. 

Fig.  1  shows  SEM  photographs  of  the  1.0  pm 
thick  Si-doped  GaAs  layer  grown  at  T,  =  550  °  C 
and  V/lII  pressure  ratios  of  15  to  60  using  a 
Varian  GEN-II  Modular  MBE  system.  The  sub¬ 
strate  was  rotated  at  60  rpm  in  order  to  eliminate 
a  shadowing  effect  of  some  molecular  beams  by  a 
structure  of  the  channeled  substrate.  At  V/III  = 
15,  we  obtained  the  good  morphology  on  the  (100) 
surface,  but  on  the  (111 )A  slope  region  a  lot  of  Ga 
droplets  could  be  seen  due  to  insufficient  AS4 
supply.  The  surface  also  became  rough  at  V/III  = 
60  because  of  the  excess  AS4  flux.  At  V/III  =  30. 
however,  quite  good  surface  morphology  was  ob¬ 
tained  on  both  (100)  and  (lll)A  regions. 

Conductivity  of  the  GaAs  films  was  n-type  on 
the  (lll)A  slope  at  V/1II  =  30  and  60;  on  the 
other  hand,  it  was  p-type  at  V/III  =  15.  There¬ 
fore,  V/IIl  =  30  was  chosen  for  growth  of  RTDs 
on  channeled  substrates.  Details  of  the  surface 


Fig.  I.  SEM  photographs  of  surface  morphology  of  GaAs  grown  on  the  GaAs  channeled  substrates  at  5S0°C.  and  V/IIl  '=15  (a). 
30(b),  60(c).  The  centra]  part  corresponds  to  GaAs  on  the  (111)A  slope  region. 
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Wavelength  (k) 

Fig.  2.  Cathodoluminescence  (CL)  spectra  at  160  K  from  the 
(100)  flat  region  (a)  and  from  the  (1  K)A  slope  region  (b). 


morphology  and  the  p-n  conversion  of  Si-doped 
GaAs  on  channeled  substrates  will  be  reported 
elsewhere. 

CL  measurements  at  160  K  were  made  for 
GaAs/AIAs  quantum  well  structures  grown  on 
the  channeled  substrates  at  =  630 '’C  and  V/III 
=  30  to  compare  the  well  widths  and  quality  of 
GaAs/AlAs  quantum  wells  on  the  (lll)A  slope 
region  with  those  on  the  (100)  surface.  The  growth 
rates  of  GaAs  and  AlAs  were  1  and  0.43  fim/h, 
respectively.  On  the  (100)  flat  region,  GaAs  quan¬ 
tum  well  widths  (L^)  are  23,  46,  69,  115  and  230 
A  and  AlAs  barrier  layers  are  500  A  thick.  The  CL 
spectrum  from  the  (100)  flat  region  is  shown  in 
fig.  2a.  The  peak  around  8200  A  comprises 
lumine.'icences  from  the  115  and  230  A  wells  and 
bulk  GaAs.  The  other  three  peaks  are  identified  to 
be  the  lumine-scences  from  69,  46  and  23  A  quan¬ 
tum  wells  as  indicated  in  the  figure.  These  three 
peaks  are  75  meV  ( L,,  =  69  A),  148  meV  (46  A), 
and  378  meV  (23  A)  higher  in  energy  than  that  of 
the  bulk  GaAs.  These  observed  shift  energies  agree 
well  with  the  calculated  value  based  on  the  elec¬ 
tron  masses  of  0.0665/»i„  (GaAs)  and  0.15W(, 
(AlAs).  the  heavy  hole  masses  (in  the  [100)  direc¬ 
tion)  of  0.34m„  and  0.75w„,  and  the  conduction 


band  offset  energy  (AE^)  of  1053  meV,  and  the 
valence  band  offset  energy  (AE^)  of  569  meV. 

The  spectrum  from  the  (lll)A  slope  region  has 
three  apparent  peaks  (fig.  2b).  The  two  higher 
energy  peaks  come  from  26  A  and  42  A  quantum 
wells.  These  values  of  well  widths  on  the  (lll)A 
region  are  57%  and  61%  of  the  corresponding  well 
width  for  (100)  region.  The  heavy  hole  masses  in 
the  [111]  direction  are  0.9mo  (GaAs)  and  1.06/Mq 
(AlAs).  The  angle  between  the  (lll)A  slope  and 
the  (100)  flat  plane  is  54.7®,  then  the  molecular 
beam  flux  intensity  on  the  (lll)A  slope  facet 
during  growth  becomes  57.7%  of  that  on  the  (100) 
flat  plane,  if  the  unit  sticking  coefficient  of  Ga  or 
Al  is  assumed.  Expected  wavelengths  of  CL 
emitted  from  other  two  quantum  wells  with  = 
66  A  (57.7%  of  115  A)  and  133  A  (57.7%  of  230  A) 
are  indicated  by  bars  in  fig.  2b.  Slight  shoulders  at 
these  wavelengths  can  be  seen  in  the  spectrum. 
Hence  the  calculated  quantum  well  widths  seem  to 
be  quite  reasonable. 

The  FWHM  (full  width  at  half  maximum)  of 
the  luminescence  from  the  46  A  quantum  well  on 
the  (100)  flat  region  was  40  meV  and  there  could 
be  seen  the  considerable  tailing  on  the  higher 
energy  side  of  all  peaks.  This  is  possibility  due  to 
the  high  temperature  (160  K)  and  quite  heavy 
excitation  by  the  incident  electron  beam  (1  X  10  “ 
A  per  1-2  )im  diameter.  15  kV).  The  FWHM  of 
the  luminescence  from  the  42  A  quantum  well  on 
the  (lll)A  region  is  quite  large  (76  meV).  This 
broadness  is  partly  owing  to  the  fact  that  the  slope 
gradually  changes  from  (lll)A  to  (211)A  (54°  -► 
35  ° )  at  the  foot  of  the  slope  region  in  this  experi¬ 
ment.  Then,  quantum  well  width  may  be  consid¬ 
ered  to  increase  at  the  lower  part  of  the  slope 
region.  The  higher  energy  side  tailing  of  the  peaks 
can  be  considered  similar  to  the  case  of  the  (100) 
flat  region. 

Epitaxial  growth  for  RTDs  on  the  channeled 
substrate  was  carried  out  at  =  550  °C.  The  other 
growth  conditions  were  the  same  as  the  quantum 
well  structures  for  CL  measurements.  An  undoped 
AlAs(34  A)/GaAs(70  A)/AlAs(34  A)  double¬ 
barrier  structure  sandwiched  between  two  un¬ 
doped  GaAs  spacer-layers  (117  A)  was  grown  on 
an  n-GaAs  layer  (n  =  5  X  10'^ cm'*’),  as  shown  in 
fig.  3.  The  top  n^-GaAs  («  =  1  x  10'"’ cm'’)  was 
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GaAs/AlAs  RTO 


Fig.  3.  Schematic  cross-sectional  structure  of  the  resonant 
tunneling  diode  on  the  channeled  substrate. 


grown  to  make  non-alloy  ohmic  contacts.  These 
layer  thicknesses  are  values  for  the  (100)  region. 
The  RTD  was  fabricated  by  a  photolithographic 
technique  and  wet  etching.  The  schematic  struc¬ 
ture  of  the  RTD  is  also  shown  in  fig.  3. 

Fig.  4  shows  the  current-voltage  characteristics 
of  the  RTD  structure  with  a  40  x  40  /^m^  area, 
which  includes  the  (lll)A  slope  region  (12  fim 
wide).  The  current  peak  at  0.38  V  results  from  the 
resonant  tunneling  current  in  the  (100)  flat  region. 


5  - 


Fig.  4.  Current-voltage  characteristics  of  a  resonant  tunneling 
diode  fabricated  on  the  channeled  substrates,  which  includes 
both  the  (100)  flat  region  and  the  (II1)A  slope  region.  The 
peak  current  at  0.52  V  is  due  to  the  re.sonanl  tunneling  of 
electrons  preferentially  through  the  ( 1 1 1  )A  slope  region. 


while  another  peak  at  0.52  V  is  considered  to  be 
due  to  the  resonant  current  through  the  (lll)A 
slopte  region.  The  calculated  values  are  0.131  V  for 
the  (100)  region  and  0.288  V  for  the  (lll)A  re¬ 
gion.  The  differences  between  measured  peak  volt¬ 
ages  and  calculated  values  results  mainly  from  a 
high  contact  resistance  of  the  device.  Peak-to-val- 
ley  (P/V)  current  ratios  were  1.48  for  the  (100) 
flat  region  and  2.0  for  the  (lll)A  slope  region. 
These  rather  small  P/V  ratios  are  probably  due  to 
the  quality  of  the  double-barrier  structure  on  the 
(111)A  facet  and  the  parallel  conduction  through 
the  (100)  flat  and  the  (lll)A  slope  regions. 


3.  Summary 

The  current-voltage  characteristics  of  a  GaAs/ 
AlAs  resonant  tunneling  diode  (RTD)  fabricated 
on  a  GaAs  channeled  substrate,  which  has  the 
(100)  flat  plane  and  (lll)A  slope  plane  on  its 
surface,  were  measured  at  77  K.  The  resonant 
tunneling  currents  preferentially  through  the 
(lll)A  slope  region  were  observed  for  th  first 
time.  Furthermore,  cathodoluminescence  (CL) 
spectra  from  quantum  wells  indicate  that  reasona¬ 
ble  quantum  wells  were  grown  on  the  (lll)A  slope 
facet  of  a  channeled  substrate.  These  results  imply 
that  a  resonant  tunneling  barrier  structure  fabri¬ 
cated  on  channeled  substrates  with  a  microscopic 
slope  region  will  provide  us  potential  means  to 
realize  the  lateral  confinement  of  electrons  emis¬ 
sion. 
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Resonant  tunneling  diodes  (RTDs)  with  strained  well  and  spacer  regions  made  of  In^Ga)  As  alloys  or  (InAs);v//(^^s)^  short 
period  multiple  quantum  well  (SPMQW)  have  been  fabricated  on  GaAs(100)  substrates.  With  increasing  x,  the  presence  of  strain 
results  in  generation  of  misfit  dislocations  and/or  change  to  threc<dimensionai  island  mode  of  growth,  both  detrimental  to  the 
performance  of  the  RTDs.  Consequently,  a  systematic  study  of  the  electrical  and  structural  properties  of  RTDs  with  0.10  x  <  0.33 
was  carried  out  with  emphasis  on  control  of  the  growth  kinetics.  This  has  led  to  RTDs  with  (InAs)j/(GaAs)2  wells  having  room 
temperature  peak  to  valley  ratios  (PVR)  of  4,7  with  peak  current  densities  (J^)  of  125  kA/cm^.  This  is  the  first  time  that  devices 
grown  on  GaAs  substrate  without  any  thick  strain  relieving  intermediate  layers  have  shown  simultaneously  high  PVRs  and  J^. 


1.  Introduction 

Resonant  tunneling  diodes  (RTDs)  have  been 
fabricated  in  various  material  systems  including 
GaAs/AlGaAs,  ln(,53GaQ47As/AlAs,  and  InAs/ 
AlSb  grown  on  GaAs,  InP,  and  InAs  substrates, 
respectively.  Considering  the  usual  figures  of  merit 
of  peak  current  density  {J,,)  and  peak-to-valley 
ratio  (PVR),  strained  RTDs  with  InQ53Gao,47As/ 
InAs  wells  and  AlAs  barriers  grown  on  InP  sub¬ 
strate  have  shown  the  best  results;  a  room  temper¬ 
ature  PVR  of  30  with  •fp  =  6  kA/cm^  [1]  and  a 
PVR  of  3-4  with  Jp  =  400-500  kA/cm^  12). 
Lattice  matched  GaAs/  AlGaAs  RTDs  ,  on 
GaAs(100)  substrates  have  shown  room  tempera¬ 
ture  PVRs  of  4-5  with  —  10-20  kA/cm^  [3] 
and  PVR  of  2-2.5  with  =  100-200  kA/cm^  (4). 
Strained  InGaAs/AlAs  RTDs  on  GaAs(100)  have 
shown  comparable  behaviour  with  PVR  of  4.7  and 
Jp  =  10-12  kA/cm^  [5].  InAs/AlSb  devices  based 
on  thick  n^-InAs  epilayers  on  top  of  GaAs  (i.e. 
very  low  strain  in  the  RTD)  have  yielded  room 
temperature  =  200-400  kA/cm^  with  PVR  of 
3-4  [6].  For  GaAs  based  optoelectronic  device 
integration,  it  is  important  to  achieve  good  perfor¬ 
mance  for  RTDs  grown  directly  on  GaAs  sub¬ 


strates,  since  thick  intervening  strain  relieving 
layers  of  other  materials  such  as  InAs  can  com¬ 
promise  the  desired  objective  as  InAs  is  optically 
absorbing  in  the  long  wavelength  regime  of  inter¬ 
est. 

The  key  to  improving  the  PVR  of  RTDs  while 
maintaining  high  is  to  use  barrier  and  well 
materials  with  high  conduction  band  (CB)  discon¬ 
tinuity  (SE^).  In  the  GaAs/Al^Gaj.^As  system 
while  the  T-T AE^  can  reach  1.0  eV  for  .*  =  1.0,  it 
is  the  T-X  AE^  of  only  0.194  eV  which  is  oper¬ 
ative  thus  reducing  the  effectiveness  of  the  barrier 
in  cutting  down  non-resonant  valley  current.  Use 
of  the  lower  bandgap  ln^Ga,_^As  for  the  well 
region  offers  increasingly  larger  T-X  AE^  with 
increasing  x.  However,  being  lattice  mismatched 
to  GaAs  and  AlAs,  it  poses  two  severe  difficulties 
for  high  quality  growth.  First,  for  x  -  0.5,  the 
critical  thickness  for  misfit  (3.5%)  induced  defect 
formation,  if  a  2D  layer-by-layer  mode  of  growth 
could  be  maintained,  is  ^  10  monolayers  for  the 
individual  layer  itself.  For  x  >  0.30  there  is  in 
general  a  tendency  for  the  growth  mode  to  change 
over  to  the  3D  island  formation  after  a  few  mono- 
layers  of  growth  depending  upon  the  growth  con¬ 
ditions  employed.  Second,  the  large  differences  in 
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the  surface  mobilities  of  In,  Ga,  and  Al  as  well  as 
the  congruent  temperatures  of  InAs,  GaAs  and 
AlAs,  impose  severe  limitations  on  optimizing 
growth  conditions  for  simultaneous  high  quality 
growth  of  AlAs  barriers  and  lnj,Ga,_,As  well 
layers.  It  has  been  demonstrated  that  growth  of 
In,Ga,_  ,As  on  pre-pattemed  GaAs  mesas  results 
in  reduction  of  misfit  dislocation  density  [7].  Con¬ 
sequently  this  technique  was  explored  in  this  work 
on  the  growth  of  strained  In^Ga,__^As/AlAs 
RTDs.  For  RTDs  with  high  In  ( >  25%),  the  strain 
appeared  to  be  large  enough  for  the  onset  of  3D 
island  growth  after  the  deposition  of  -  10  mono- 
layers  (ML)  under  most  growth  conditions  em¬ 
ployed  earlier  [5,9].  Substrate  patterning  on  20 
/im  X  20  ^m  scale  did  not  improve  the  situation. 
Consequently,  to  maintain  layer-by-layer  growth, 
new  growth  conditions  providing  better  control  of 
growth  kinetics  were  explored  and  employed  in 
the  present  work.  In  addition,  we  have  examined 
the  use  of  (InAs);v,/(GaAs)^  short  period  super¬ 
lattice  (SPSL)  as  the  strained  layers.  This  was 
motivated  by  previous  work  on  such  strain  layer 
modulated  structures  [8]  where  good  quality  inter¬ 
faces  were  realized. 


2.  Resonant  tunneling  structures 

The  resonant  tunneling  structures  discussed 
here  are  of  the  triple-well  double-barrier  type  con¬ 
sisting  of  undoped  top  and  bottom  In^Ga,_^As 
spacers,  undoped  AlAs  barriers,  and  undoped 
In,,Ga,_,.As  well.  The  presence  of  an  undoped 
spacer  well  was  shown  in  our  previous  work  [9J  to 


be  effective  in  reducing  non-resonant  valley  cur¬ 
rent  as  compared  to  the  usual  undoped  GaAs 
spacers.  The  undoped  tunneling  structures  were 
grown  on  top  of  0.7  jum  n‘*'-GaAs  epitaxical  layers 
on  n^-GaAs(100)  substrates  and  capped  with  0.6 
fim  n^-GaAs.  RTDs  with  Ino  ,Gao,As  well  and 
spacer  layers  have  resulted  in  room  temperature 
/p  —  11  kA/cm^  and  PVR  3.2  [9],  while  those  with 
InojsGaoTsAs  well  and  spacer  gave  =  10-20 
kA/cm^  and  PVR  =  4.5  [5].  Further  improvement 
requires  jc  >  0.25.  By  optimizing  MBE  growth 
kinetics  based  upon  reflection  high  energy  elec¬ 
tron  diffraction  (RHEED)  pattern  and  intensity, 
we  have  successfully  grown  a  series  of  samples 
with  In  content  in  the  well  regions  from  30%  to 
33%.  RTD  device  structures  are  summarized  in 
table  1.  RTDs  No.  19  and  No.  21  have  a  doping 
density  =  1  X  10’*  cm“’.  while  the  others  have 
Vp  =  2  X  10'*  cm^  in  the  contact  layers.  RTDs 
No.  19  and  No.  29  have  conventional  homoge¬ 
neous  random  alloy  InGaAs  layers  while  the  re¬ 
maining  contain  SPMQW  layers.  Growth  condi¬ 
tions  used  for  these  RTDs  are  summarized  in 
table  2.  A  substrate  temperature  increase/ decrease 
was  typically  accomplished  in  60/120  s  by  inter¬ 
rupting  growth  and  rapidly  adjusting  the  power 
input  to  the  substrate  heater.  Rapid  changes  in 
As^  pressure  were  made  possible  by  using  two  AS4 
cells.  Monolayer  delivery  times,  were  de¬ 

termined  by  RHEED  intensity  oscillations  on  InAs 
and  GaAs  substrates  immediately  prior  to  the 
growth  of  the  actual  structures.  During  the  RTD 
growth,  the  RHEED  pattern  was  used  to  infer 
growth  front  morphology  with  streaky/ spotty 
pattern  indicating  2D/3D  growth.  The  AS4  pres- 


Table  1 

Slnictural  parameters  of  the  RTDs  reported;  RTDs  No.  19  and  No.  29  have  conventional  homogeneous  random  alloy  ln,Ga,_,As 
layers  while  the  others  have  (lnAs)„/(GaAs)w  short  period  multiple  quantum  well  layers;  the  thicknesses  are  specified  in  units  of 
monolayers  (1  ML  -  2.83  A) 


RTD 

No. 

Spacer 

material 

WeU 

material 

‘‘so 

(ML) 

b 

(ML) 

(ML) 

19 

20 

9 

23 

29 

lnQ3Gao7As 

^^ojGao.TAs 

15 

8 

18 

21 

(InAs),/(GaAs)2 

(InAs),/(GaAs)2 

15 

10 

24 

23 

{ InAs)  1  /(GaAs)^ 

(lnAs),/(GaAs)2 

15 

8 

18 

28 

(lnAs)|/(GaAs)4 

(InAs),/(GaAs)2 

15 

6 

18 

31 

(InAs), /(GaAs), 

(InAs),/(GaAs)2 

15 

4 

18 
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Table  2 

Growth  conditions  used  for  the  RTDs  reported;  the  substrate  temperature  read  by  a  calibrated  pyrometer,  As^  pressure  read  by  a 
beam  flux  monitor,  and  the  monolayer  delivery  time,  are  tabulated 


RTD 

No. 

Spncer  and  well  layer 

Barrier  layer 

(°C) 

(10' ‘  Torr) 

(s) 

(*=^C) 

Pm 

(10' ‘  Torr) 

■TML 

(S) 

19 

555 

6.5 

2.8 

555 

6.5 

3.5 

29 

425 

2.3 

2.1 

525 

3.7 

4.2 

21 

475 

2.8 

4 

600 

7.0 

3.5 

23 

475 

4.8 

4 

600 

4.8 

2 

28 

425 

1.6 

4 

525 

3.7 

4.2 

31 

425 

1.6 

4 

525 

3.7 

4.2 

sures  for  samples  No.  19  ,  No.  21,  and  No.  23 
were  chosen  Co  maintain  sufficiently  As-stabilized 
growth  conditions,  since  barely  As-stabilized  con¬ 
ditions  were  earlier  found  to  be  detrimental  to 
RTD  performance  [9].  The  AS4  pressures  for  sam¬ 
ples  No.  28,  No.  29,  and  No.  31  were  chosen  such 
that  the  As  incorporation  rate  was  about  1.5  times 
that  of  the  group  III  elements.  For  this,  the  As 
incorporation  rate  was  determined  by  performing 
As  controlled  RHEED  oscillation  experiments 
[10],  The  SPMQW  essentially  equivalent  to  20% 
and  33%  alloys  were  grown  by  deposition  of  1  ML 
of  InAs  followed  by  4  ML  or  2  ML  of  GaAs  with 
a  5  to  10  s  growth  interruption  before  deposition 
of  the  next  period.  In  order  to  study  the  effect  of 
growth  on  finite  substrates,  a  pwrtion  of  the 
GaAsflOO)  substrates  for  RTD’s  No.  19,  No.  21, 
and  No.  23  was  patterned  into  20  /tm  X  20  ^im 
wide  and  1  /im  deep  mesas.  The  grown  structures 
were  processed  into  12  fim  X  12  fxm  mesas  with 
AuGe/Ni  top  and  In  back  alloyed  ohmic  con¬ 
tacts. 


3.  Results  and  discussion 

Fig.  la  shows  the  77  K  I-V  characteristics 
from  the  patterned  region  of  RTD  No.  19  contain¬ 
ing  Ing  jGa^^As  alloy  in  the  spacer  and  well  layers. 
A  weak  negative  differential  resistance  (NDR) 
effect  is  seen  for  both  polarities.  The  -1- polarity 
indicates  top  of  the  mesa  biased  positive  with 
respect  to  the  bottom.  The  non-pattemed  region 
of  this  sample  did  not  show  a  NDR.  Figs,  lb  and 


Ic  show  the  cross-sectional  TEM  micrographs 
from  the  patterned  and  non-pattemed  regions. 
Both  regions  show  that  a  3D  island  mode  of 
growth  had  set  in  and  a  high  density  of  disloca¬ 
tions  of  5  X  10’  cm“^.  as  measured  by  TEM, 


Fig.  1.  (a)  77  K  typical  l~V  characteristics  of  12  fimx  12  pm 
size  RTDs  made  from  the  patterned  region  of  RTD  No,  19 
containing  conventional  Ino  ]Gao  7As  alloys.  The  symbol  +  re¬ 
fers  to  top  of  mesa  biased  positive  with  respect  to  the  bottom. 
Cross-sectional  TEM  micrographs  of  RTD  No.  19  from  (b) 
patterned  region,  (c)  non-pattemed  region. 
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Fig  2.  (a)  300  K  typical  l-V  characteristics  of  12  f£mxl2  pm  size  RTDs  made  from  the  non-pattemed  region  of  RTD  No.  21 
containing  (InAs)|/iGaAs)2  SPMQW.  The  symbol  +  refers  to  top  of  mesa  biased  positive  with  respect  to  the  bottom,  (b)  A 
cross-sectional  TEM  micrograph  of  RTD  No.  21  from  the  non-pattemed  region. 


c 


Figs  3.  300  K  typical  l-V  characteristics  of  12  pm  x  12  pm  size  RTDs  made  from  the  non-pattemed  region  of  (a)  RTD  No.  23  with 
wells  grown  at  475°C.  (b)  RTD  No.  28  with  wells  grown  at  425‘’C.  Both  the  RTDs  contain  (InAs), /(GaAslj  SPMQW  spacer  and 
(lnAs),/(GaAs)2  SPMQW  well  regions,  (c)  A  cross-sectional  TF.M  micrograph  of  RTD  No.  28  (non-pattemed). 
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have  propagated  through  the  cap  layer.  Due  to  the 
3D  mode  of  growth,  the  advantages  that  accrue 
from  patterning  in  the  layer-by-layer  growth  reg¬ 
ime  of  strained  In^Ga,_,jAs  are  lost  [11],  Conse¬ 
quently,  only  a  marginal  effect  of  patterning  on 
resonant  tunneling  is  observed.  TTie  I-y  char¬ 
acteristics  at  300  K  from  the  non-pattemed  region 
of  RTD  No.  21  «33%>  In  SPMQW)  are  shown  in 
fig.  2a.  Note  (table  2)  that  the  growth  temperature 
has  been  lowered  to  475  from  555  °C  for  RTD 
No.  19.  Here  the  NDR  effect  is  stonger  than  for 
RTD  No.  19,  though  much  inferior  to  state-of-the- 
art  RTDs.  Results  from  the  patterned  region  were 
similar  to  that  from  the  non-pattemed.  The  im¬ 
provement  over  RTD  No.  19  correlates  well  with 
the  superior  morphology  observed  in  TEM  (fig. 
2b).  A  3D  mode  of  growth  had  set  in  and  a 
dislocation  density  of  ~  1  x  10'^  cm~^  measured 
by  TEM  is  observed.  A  large  asymmetry  is  seen  in 
the  7-1^  characteristics  with  the  improved  NDR 
measured  for  tunneling  from  the  substrate  into  the 
cap  layer.  This  is  indicative  of  the  expected 
roughening  of  the  interface  with  thicker  growth  of 
strainec*  livers.  To  relieve  the  influence  of  increas¬ 
ing  strain,  but  without  compromising  the  relevant 
between  the  well  and  barrier  layers,  we  ex¬ 
amined  structures  with  lower  In  composition  in 
the  spacer  layer  only.  Fig.  3a  shows  the  I-V 
characteri^'ius  from  the  non-pattemed  region  of 
RTD  No.  23  ((20%)  In  SPMQW  spacers.  (33%) 
In  SPMQW  well  layer),  the  results  from  the  pat¬ 
terned  region  being  again  similar.  A  much  higher 
current  density  at  resonance  is  observed,  con¬ 
sistent  with  the  higher  contact  layer  doping  of 
2  X  10"*  cm  ^’  used  in  this  sample.  However,  the 
NDR  effect  is  small,  indicative  of  poor  interfacial 
quality  as  is  the  case  for  RTDs  No.  19  and  No.  21. 
RHEED  studies  of  (33%)  In  SPMQW  indicated 
that  a  2D  layer-by-layer  growth  mode  could  be 
maintained  to  a  much  higher  thickness  at  a  growth 
temperature  of  425‘’C  as  compared  to  475°C. 
Hence  RTD  No.  28  was  grown  at  425  °  C  with  the 
As4  beam  equivalent  pressure  (BEP)  reduced  to 
1.6  X  10  ^  Torr.  The  AlAs  barriers  were  grown  at 
a  temperature  of  525  ®C  to  avoid  deterioration  of 
the  strained  films  and  also  to  reduce  the  growth 
interruption  time  required  for  temperature 
changes.  The  /-F  characteristics  from  RTD  No. 


28  at  300  K  are  shown  in  fig.  3b.  The  figure  shows 
a  Jp  of  125  (104)  kA/cm^  with  a  PVR  of  4.7  (4.7) 
for  positive  (negative)  bias.  At  77  K,  a  /p  of  128 
(111)  kA/cm^  with  PVR  of  7.6  (6.7)  is  seen.  To 
our  knowledge,  this  is  the  first  time  a  high  room 
temperature  PVR  has  been  obtained  simulta¬ 
neously  with  Jp  >  100  kA/cm^  in  RTDs  grown 
directly  on  GaAs  substrate  without  any  inter¬ 
mediate,  thick  strain  relieving  layers.  The  hi^ 
degree  of  symmetry  in  the  I-V  characteristics  is 
indicative  of  good  interfacial  quality.  The  high 
stmctural  quality  of  the  RTD  is  also  corroborated 
by  the  cross-sectional  TEM  micrograph  shown  in 
fig.  3c.  A  search  over  a  wide  area  did  not  reveal 
any  misfit  dislocations.  The  excellent  results  ob¬ 
tained  for  RTD  No.  28  compared  to  RTD  No.  23. 
which  is  a  structure  identical  to  it  (except  for  a 
small  difference  in  barrier  thickness),  indicate  that 
the  growth  conditions  play  a  major  role  in  3D 
island  formation.  The  RHEED  pattern  remained 
streaky  all  the  way  through  the  growth  of  RTD 
No.  28  as  opposed  to  RTDs  No.  19,  No.  21.  and 
No.  23  where  it  turned  spotty  during  the  growth. 
RTD  No.  31  was  grown  under  conditions  identical 
to  RTD  No.  28  and  resulted  in  a  77  K  Jp  of  319 
(250)  IcA/cm^  with  PVR  of  2.3  (2.12)  for  positive 
(negative)  bias.  Due  to  high  fxiwer  dissipation  in 
RTD  No.  31.  when  tested  at  room  temperature, 
the  devices  were  destroyed.  RTD  No.  29  with 
conventional  alloy  lno3GaQ7As  layers  showed  a 
Jp  of  32  (32)  kA/cm-  with  PVR  of  4.7  (5.2)  for 
positive  (negative)  bias  at  room  temperature.  The 
growth  conditions  were  identical  to  RTD  No.  28. 
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Comprehensive  analysis  of  epitaxial  Al/Al^Gai_^As  Schottky  barriers 
made  by  MBE:  barrier  heights  and  band  edge  discontinuities 
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Extremely  hi^  quality  epitaxial  aluminium  on  AI^Ga,  _^As  Schottky  diodes  have  been  prepared  by  MBE.  The  excellent 
electrical  properties  of  the  MBE  grown  AlGaAs  layers,  with  residual  deep-level  concentrations  of  less  than  10***  cm“  combined  with 
the  in-situ  deposition  of  single  crystal  epitaxial  aluminium  resulted  in  Schottky  diodes  with  accurately  exponential  current-voltage 
characteristics  over  up  to  6  decades  of  current  and  with  ideality  factors,  for  all  but  one  of  the  diodes.  less  than  1.04  for  .\  from  0 
(GaAs)  to  1  (AlAs).  The  dependence  of  the  Schottky  barrier  heights  on  the  aluminium  mole  fraction  was  determined  using  l/V  and 
C/U  measurements.  A  compari.son  of  the  data  from  n-  and  p*type  diodes  shows  the  pinning  level  responsible  for  the  barrier  height  to 
be  the  same  in  both  cases,  the  sum  of  the  barrier  heists  ^ving  a  bandgap  dependence  on  composition  consistent  with  other  data. 
The  compositional  trends  of  the  barrier  heights  are  shown  to  be  in  close  agreement  with  accepted  GaAs/AlGaAs  conduction  and 
valence  band  offsets,  supporting  the  idea  of  a  relationship  between  Schottky  barriers  and  heterojunction  band  offsets. 


1.  Introduction 

The  use  of  MBE  to  produce  Schottky  contacts 
by  in-situ  deposition  of  metal  on  freshly-grown 
surfaces  has  allowed  diodes  with  much  improved 
electrical  characteristics  to  be  produced  [IJ.  In  the 
case  of  Al,Ga|„,As.  the  in-situ  growth  of  epi¬ 
taxial  aluminum  overlayers  can  be  expected  to 
lead  to  even  more  dramatically  improved  contacts 
as  the  high  reactivity  of  Al.Ga,  ,  As  surfaces  has 
made  it  extremely  difficult  to  fabricate  conven¬ 
tional  ex-situ  Schottky  diodes  [2,3|. 

From  a  more  fundamental  point  of  view,  it  has 
recently  been  suggested  by  Tersoff  [4]  that  the 
band  lineups  at  semiconductor  heterojunctions  are 
simply  related  to  the  difference  in  the  Schottky 
barrier  heights  formed  by  the  same  metal  to  the 
individual  semiconductors  forming  the  heterojunc- 
tion  pair.  In  essence  this  means  that  the  physical 
mechanism  responsible  for  the  pinning  of  the 
Fermi  level  in  Schottky  barrier  formation  also 
determines  the  band  lineups  in  heterostructures. 
The  position  of  the  Fermi  level  in  a  metal-semi¬ 
conductor  contact  (as  determined  by  the  barrier 
height)  would  then  provide  a  reference  level  which. 


by  a  comparison  of  the  barrier  heights  of  a  given 
metal  to  GaAs  and  AlGaAs.  provides  a  direct 
measure  of  the  band  offset  between  the  two  semi¬ 
conductors.  For  the  case  of  diodes  to  p-type 
material  this  will  be  the  valence  band  offset,  and 
for  n-type.  the  conduction  band  offset. 

Unlike  some  other  experimental  procedures, 
this  technique  is  applicable  in  both  the  direct  and 
indirect  gap  regions  of  the  alloy  system.  It  should 
be  noted,  however,  that  the  calculation  of  the 
offset  is  the  result  of  the  subtraction  of  two  rela¬ 
tively  similar  numbers  and  thus  for  any  meaning¬ 
ful  results,  it  is  nece.ssary  that  utmost  care  is  taken 
in  measurement  of  barrier  heights  and.  more  im¬ 
portantly.  that  the  diodes  used  are  of  the  highest 
quality.  The  MBE  growth  of  epitaxial  aluminium 
on  AlGaAs  is  shown  to  produce  near-ideal  Schott¬ 
ky  diodes,  allowing  a  precise  test  of  Tersoffs 
assertion  to  be  made. 

Langer  et  al.  [5]  have  recently  assessed  the 
validity  of  TersofFs  ideas  by  drawing  on  earlier 
Schottky  barrier  data  [2.6].  The  conclusions  reach¬ 
ed  by  Langer  et  al.  [5].  i.e.  that  the  MIGS  model 
was  not  applicable,  was  based  on  the  data  availa¬ 
ble  at  that  time  and  apart  from  the  work  of 
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Eizenberg  et  al.  [6],  all  the  diodes  assessed  were 
produced  by  conventional  means  with  the  corre¬ 
sponding  problems  associated  with  the  highly  re¬ 
active  AlGaAs  surface. 

In  this  study  we  report  on  the  electrical  proper¬ 
ties  of  extremely  high  quality  epitaxial  Al  on  Al¬ 
GaAs  diodes  with  the  aluminium  concentration, 
X,  varied  from  0  (GaAs)  to  1  (AlAs).  A  detailed 
analysis  of  the  characteristics  of  the  characteristics 
of  the  near  ideal  characteristics  has  allowed  a 
critical  test  of  Tersoffs  assertion  as  well  as  an 
assessment  of  current  theories  of  Schottky  barrier 
formation  (7,8). 


2.  Experimental 

All  the  layers  used  in  this  study  were  grown  by 
molecular  beam  epitaxy  in  a  VG  V90H  system 
using  solid  sources.  The  growth  sequence  of  all  the 
samples  studied  consisted  of  a  0.5  /im  GaAs  buffer 
layer  doped  p-type  to  2x10'*  cm"’  grown  at 
580  ®C  followed  by  a  10  period  GaAs- AlAs  su¬ 
perlattice  (approximately  0.1  fim  thick)  and  a  0.1 
pm  graded  Al  ^Ga,  As  and  finally  0.5  to  1  pm  of 
Al,Ga,_^As  active  layer  doped  with  Be  to  (1-4) 
X  10'*  cm"’.  The  growth  temperature  was  raised 
duiing  the  graded  alloy  layer  from  580  to  690  "C 
without  changing  the  AS4  flux  impinging  on  the 
surface  resulting  in  a  very  strong  (3x1)  recon¬ 
structed  surface. 

After  growth  termination,  the  As,  Ga,  Be  and 
Al  cells  were  lowered  to  their  idling  temjjeratures 
and  the  AI,Ga,.,As  films  which  still  exhibited  a 
(3x1)  surface  reconstruction,  were  kept  at  high 
temperatures  (500-580  °C)  until  the  As  overpres¬ 
sure  in  the  growth  chamber  dropped  to  below 
10’*  Torr,  at  which  point  the  substrate  was  then 
lowered  to  room  temperature.  When  the  system 
pressure  was  below  4  X  lO  "'”  Torr  and  the  sub¬ 
strate  temp)erature  reached  50  °C.  aluminium  was 
evaporated  on  the  (3  X  1)  Al^Ga,_  ,As  surface  at 
a  rate  of  0.01  A/s  for  5  min,  then  this  was 
increased  to  2000  A/h  for  1  h. 

The  aluminium  concentration  was  measured 
using  a  double  crystal  X-ray  diffractometer.  These 
data  closely  correlated  with  beam  flux  measure¬ 
ments  and  (for  x  <  0.3)  with  photoluminescence. 


The  relative  errors  in  aluminium  content  (Ax/x) 
are  estimated  to  be  less  than  +5%.  Schottky  bar¬ 
rier  heights  were  determined  by  conventional  /-  V 
and  C-  V  measurements  on  photolithographi- 
cally-defined  0.5  mm  diameter  diodes. 

3.  Results 

The  procedure  adopted  for  aluminium  epitaxy 
was  essentially  identical  to  that  described  earher 
for  GaAs  [1]  and  n-type  AlGaAs  [9].  The  grown 
AlGaAs  surfaces  exhibited  a  (3x1)  reconstruc¬ 
tion  which  on  commencement  of  aluminium  de¬ 
position  transformed  gradually  to  a  (1  X  1)  struc¬ 
ture.  Initially  aluminium  nucleated  in  islands  with 
a  mixture  of  (100)  and  (110)  orientations.  After 
growth  of  approximately  30  nm  this  gradually 
gave  way  to  a  predominantly  (100)  orientation. 
The  RHEED  patterns  from  the  aluminium  re¬ 
mained  characteristic  of  a  smooth  single  crystal 
surface  throughout  the  growth  of  the  film. 

The  forward  I-V  characteristics  of  some  typi¬ 
cal  epitaxial  Al  on  p-type  Al^Ga,_^As  are  shown 
in  fig.  1.  The  characteristics  follow  an  exponential 
law  for  over  4  decades  for  Al  on  GaAs  to  more 
than  6  decades  for  the  Al/Alo5gGao42As  Schott¬ 
ky  diodes  with  very  little  component  of  recombi- 


Fig.  1.  Typical  logarithmic  plots  of  qV/kT)) 

versus  forward  voltage  for  aluminium  on  p-type  AlGaAs  of 
various  compositions. 
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Table  1 

Experimental  values  for  the  Schottky  barrier  heights,  and  ideal¬ 
ity  factors  for  the  epitaxial  Al  on  p-AIGaAs  diodes 


X 

♦b 

n 

♦b 

U/V) 

IC/V) 

0 

0.60 

1.03 

0.64 

0.21 

0.77 

1.04 

0.74 

0.32 

0.82 

1.06 

0.83 

0.45 

0.88 

1.03 

0.89 

0.58 

0.93 

1.03 

0.93 

0.92 

1.10 

1.03 

1.12 

nation  current  present.  The  Schottky  barriers  ex¬ 
hibited  very  low  values  for  the  ideality  factor 
( <  1.04,  apart  from  the  devices  made  on  the  x  = 
0.32  material).  A  correction  was  made  to  the  bar¬ 
rier  for  the  effect  of  image  force  lowering,  which 
for  our  samples  amounted  to  a  value  of  0.025  to 
0.035  eV  depending  on  the  doping  of  the  layers. 
The  C~^  versus  V  plots  of  the  Al/AlGaAs 
Schottky  diodes  were  almost  ideal  as  indicated  by 
the  linearity  of  the  plots.  From  the  slopes  of  the 
lines  the  free  hole  concentrations  were  de¬ 
termined,  and  the  barrier  heights  computed  from 
the  extrapolated  intercepts  of  the  lines  with  the 
voltage  axis.  All  the  data  on  the  p-type  diodes  are 
summarized  in  table  1. 


4.  Discussion 

The  GaAs/AlAs  ternary  system  provides  an 
excellent  series  of  materials  for  testing  the  validity 
of  various  theories  of  Schottky  barrier  formation. 
These  models  predict  a  barrier  height  on  the  as¬ 
sumption  of  a  particular  model  of  Fermi  level 
pinning  at  the  interface.  The  more  prominent 
amongst  the  theories  are  the  anti-site  model  of 
Allen  and  Down  [7]  in  which  pinning  is  assumed 
at  interface  states  due  to  cations  on  arsenic 
vacancies,  the  anion  vacancy  defect  model  of  Daw 
and  Smith  [8],  and  the  modified  metal-induced 
gap  states  (MIGS)  model  due  to  Tersoff  [10],  It  is 
usual  to  couch  the  predictions  of  these  models  in 
terms  of  the  variation  with  composition  of  the 
barrier  height  to  p-type  material.  We  have  recently 
shown  from  measurements  on  n-type  diodes  [9] 


that  in  terms  of  the  variation  of  barrier  height 
with  aluminium  content  an  excellent  quantitative 
fit  can  be  obtained  to  both  the  anion  vacancy 
model  [8]  and  the  anti-site  model  [7].  There  is  also 
a  close  quantitative  fit  to  the  absolute  values  pre¬ 
dicted  by  the  anion  vacancy  model,  but  owing  to 
the  uncertainties  in  the  theory,  this  result  should 
be  treated  with  caution.  This  conclusion  was  ob¬ 
tained  by  calculating  the  barrier  height  to  p-type 
material  of  a  given  composition  by  subtracting  the 
measured  barrier  height  from  the  band  gap;  an 
approach  which  relies  on  the  pinning  level  re¬ 
sponsible  for  the  barrier  formation  being  the  same 
in  both  n-  and  p-type  material,  and  also  on  a 
precise  knowledge  of  the  variation  of  £g  with  x. 

This  work  extends  these  measurements  to  bar¬ 
riers  formed  on  p-type  material.  The  data  are 
summarised  in  table  1.  Taken  with  our  earUer  data 
on  n-type  material  [9]  it  is  possible  to  compare  the 
sum  of  the  barrier  heights  to  n-  and  p-type  material 
with  the  known  bandgap  variation  of  AlGaAs.  In 
the  direct  gap  region  a  linear  fit  of  the  barrier 
height  to  X  yields  the  derivatives  given  in  table  2. 

Langer  et  al.  [5]  have  recently  reviewed  the 
AlGaAs  bandgap  data  in  the  light  of  revised  de¬ 
terminations  of  the  precise  aluminium  content. 
The  earlier  accepted  values  of  12.5  meV/%  now 
appears  too  low  and  more  recent  measurements 
give  values  in  the  range  of  13.4  to  14.6  meV/%. 
The  variation  in  the  sum  of  the  barrier  heights 
measured  in  this  work  is  thus  in  close  agreement 
with  all  the  other  measurements. 

Fig.  2  plots  the  C-K  measured  barrier  heights 
to  both  p-type  AlGaAs  (this  work)  and  our  earlier 
results  on  n-type  [9]  as  a  function  of  x.  The  barrier 
heights  are  plotted  relative  to  a  common  reference 
level  shown  by  the  horizontal  line.  All  energies  are 
referenced  to  the  barrier  height  to  p-type  GaAs. 
The  solid  lines  are  the  best  fits  to  the  overall  data 


Table  2 

Derivatives  of  linear  fit  of  barrier  height  to  x  in  direct  gap 
region 


Data 

d*„/dx 

d#p/dx 

d(*„±#p)/dx 

from 

(meV/%) 

(meV/%) 

(meV/*) 

I-V 

8.2  ±0.3 

4.8  ±0.4 

13.0  ±0.7 

C-V 

8.6  ±0.2 

5.0  ±0.3 

13.6  ±0.5 
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X,  Al  mole  fraction 


Fig.  2.  C-V  barrier  heights  to  p-AlGaAs  (this  work)  and 
n-AlGaAs  (ref.  [9])  referenced  to  the  barrier  height  to  p-type 
GaAs.  The  solid  lines  are  average  values  of  AE^  and  from 
ref.  (51. 


on  band  edge  discontinuity  data  derived  from  a 
variety  of  measurements  and  reviewed  in  ref.  [5]. 
For  the  purposes  of  comparison  the  energies  are 
referenced  to  the  GaAs  valence  band  edge.  It  can 
be  seen  that  there  is  an  excellent  agreement  be¬ 
tween  the  Schottky  barrier  data  and  the  other 
measurements.  In  the  direct  gap  region  the  ratio  of 
the  conduction  band  to  valence  band  offsets 
(calculated  by  equating  to  d^„/dx/ 

(d<P„/dx  +  d<Pp/dx))  is  63:37.  This  figure  is 
identical  to  that  calculated  by  Langer  et  al.  [S] 
from  earlier  offset  data  in  the  light  of  more  accu¬ 
rate  values  of  x.  Note,  however,  that  the  present 
results  do  not  rely  on  any  measured  variation  of 
AlGaAs  band  gap;  if  the  Tersoff  assertion  is  cor¬ 
rect,  the  offsets  are  measured  to  each  band  inde¬ 
pendently. 

The  close  agreement  between  band  offsets  de¬ 
termined  by  our  Schottky  barrier  measurements 
and  those  by  other  techniques  suggests  an  interest¬ 
ing  result.  Given  the  uncertainties  in  the  quantita¬ 
tive  predictions  of  the  MIGS  [10]  and  defect  theo¬ 
ries  [7.8]  of  barrier  formation,  the  barrier  height 
variation  with  x  measured  here  does  not  allow 
any  firm  conclusions  to  be  drawn  about  the  rela¬ 
tive  validity  of  these  models.  However,  the  ex¬ 
tremely  close  correlation  between  our  barrier 
height  data  and  other  band  offset  measurements 
strongly  points  to  a  common  mechanism  being 


resjxjnsible  for  band  lineups  and  Fermi  level  pin¬ 
ning  in  Schottky  barriers.  All  indications  are  that 
the  concentration  of  defects  at  the  GaAs/ AlGaAs 
heterointerface  is  far  too  small  to  account  for  the 
degree  of  pinning.  This  points  to  the  conclusion 
that  Tersoffs  primary  assertion,  that  for  both 
heterojunctions  and  Schottky  barriers  the  mecha¬ 
nism  for  aligning  the  bands  is  due  not  to  defects 
but  to  electric  dipoles  resulting  from  dielectric 
screening  at  the  interface,  is  correct. 


5.  Conclusions 

Extremely  high  quality  single  crystal  aluminium 
on  p-type  AlGaAs  Schottky  barriers  have  been 
made  by  MBE  for  the  full  range  of  alloy  composi¬ 
tion.  The  near-ideal  characteristics  of  these  diodes 
have  allowed  a  more  precise  determination  of  bar¬ 
rier  heights  than  has  been  possible  with  earlier 
experiments.  Taken  with  similar  results  on  n-type 
AlGaAs,  the  data  points  to  a  common  pinning 
level  being  responsible  for  the  barrier  heights  in 
materials  of  both  types.  The  bandgap  variation 
with  X  calculated  from  the  two  sets  of  data  is  in 
close  agreement  with  other  measurements.  The 
variation  of  barrier  height  with  x  agrees  qualita¬ 
tively  with  both  the  defect  [7,8]  and  the  MIGS  [10] 
models.  The  compositional  trends  of  the  barrier 
heights  were  found  to  be  practically  the  same  as 
that  of  the  GaAs/ AlGaAs  conduction  band  off¬ 
sets  thus  pointing  to  a  strong  correlation  between 
Schottky  barriers  and  heterojunction  band  offsets 
as  proposed  by  Tersoff  [10]. 
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